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ABSTRACT  
As China’s rapid urbanization and economic growth in the last several decades, 
people’s thermal comfort demand has been greatly promoted. In Chinaresidential 
energy consumption (REC) is the 2nd largest category (10%) following the industrial 
energy consumption, moreover, it is found that more than 50% of energy was used in 
the space heating and cooling in residential buildings. Hot-summer and cold-winter 
region was selected as its special weather conditions and huge energy consumption (as 
both heating in winter and cooling in summer are necessary). For historical reasons, the 
residential buildings in this region don’t have central HVAC systems and are not well 
insulated or otherwise weatherized. Most residents install mini split air conditioners to 
improve their indoor thermal comfort, which lead to the residential energy demand 
increase rapidly. For a long term, the residential building was studied as the same 
building type, hardly researches were concerned to the differences among the building 
types. However, as the structure, layout and some other differences, the energy 
consumption in different building types differs considerably. 
In this study, the objective was to reduce the operating energy consumption in the 
three building types during the design progress. In order to accomplish this goal, the 
research move forward step by step as follows: (1) Master the current thermal situations 
for three building types in hot-summer and cold-winter zone. (2) Evaluate the current 
energy and thermal situations and requirements of the three different residential 
building types. (3) Build a design method for different building types in hot-summer 
and cold-winter zone. The research was divided into three progresses, they were 
questionnaire progress, experiment progress and dynamic simulation progress. During 
the questionnaire progress, the residential building characteristics, the energy using 
situation, people’s lifestyle and the requirement were comprehended. Based on the 
results analysis, the typical cases for each building types were selected to actual 
measurement to analyze the real-time situation of the indoor thermal situations and the 
v	
	
thermal performance of the three building types. After the questionnaire and the actual 
experiment, ECOTECT software was used to calculate the energy consumption in 
different situations for three building types based on the meteorological parameter in 
Shanghai. The model cases were built and the dynamic analysis to the optimization 
design was put forward, and the design method was suggested. The energy consumption 
analysis showed that the orientation, shading, glass type, thermal performance of the 
external wall and WWR affect the energy consumption of the three building types to 
varying degrees. And the design method for each of three building types were 
recommended. 
Keywords: 
 Energy Efficiency; Thermal Performance; Building Type; Human Thermal 
Comfort; Computer-aided Simulation; Design Method. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Background 
1.1.1 Economic development  
In the last several decades China’s economic and the social development has made 
great achievement. However, at a cost, both the energy and environment situations were 
seriously becoming bad. 
With a population of 1.3 billion, China is the second largest economy in the world and 
is increasingly playing an important and influential role in the global economy.  As shown 
in Fig.1.1, China’s GDP rose rapidly in last several decades. In the last 30 years, China’ 
GDP has increased more than 20 times, and until the year 2015, still in a high speed 6.7% 
continuing its growth. 	
	
 Data source: China statistical yearbook 2016 
Fig. 1.1 China’s GDP development and the annual growth rate 
		2 
On the other hand, China’s urbanization process and urban construction have taken a 
notable achievement in the past several decades since Chinese economic reform started 
from 1978. As shown in Fig. 1.2, China’s population is 1.37 billion. And the urban 
population is 56.1% until the end of the year 2015 (China statistical yearbook. 2016). 
China’s future urbanization development should go in for a structure of healthy 
urbanization, with the coordinated development of urban agglomerations, such as big, 
medium and small cities, small towns, urban and rural areas, as well as the comprehensive 
development of resource-conserving, environment-friendly, economic-effective and 
social-harmony (Fang et al. 2009). 
 
Data source: China statistical yearbook 2016 
Fig.1.2 China’s urban population and the urbanization proportion change 
Rapid economic ascendance has brought on many challenges as well, including high 
inequality, rapid urbanization, challenges to environmental sustainability and external 
imbalances. China also faces demographic pressures related to an aging population and the 
internal migration of labor. 	
		3 
1.1.2 Energy situations 
Energy, which has a bearing on both economic and national security, is of importance 
and a major constraining factor to the economic and social development of China. 
According to the “China statistical yearbook 2016”, total energy consumption (coal, oil, 
gas, and hydroelectricity) in China increased from 54 MtCE (million tonnes coal 
equivelent) in 1953 to 3101 MtCE in 2015, an average annual growth rate of 8.9%. Total 
energy consumption of the top ten countries in 2015 is shown in Fig. 1.3. China is the 
largest energy consumption country, potentiality of energy conservation is huge. 
	
Data source: Global Energy Statistical Yearbook 2016 
Fig.1.3 Total energy consumption of the highest ten countries in 2015  
With a population exceeding 1.3 billion and economic growth over the past several 
decades, China's demand for energy has surged to fuel its rapidly expanding industrial and 
commercial sectors as well as households experiencing rising living standards. Today, 
China is the second largest consumer of energy products in the world behind the United 
States, and is consuming annually around 1.7 billion tons coal equivalent of energy.  
The GDP of China is ranking the second, but the energy consumption is the first, 1.41 
times of the United States, and the energy efficient is very low. The development of China 
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is still going on, and how to reduce the total energy consumption and improve the energy 
efficiency is becoming two of the most important key points.  	
1.1.3 Environment degradation 
Nowadays, China’ energy consumption structure is based on the coal  oil and some 
other fossil-energy material. Among them, coal accounts for 70% of the primary energy 
sources yetthe average level in the world is 30% or less. China is spending around half 
of the world’ coal resources. Oil accounts for 20% of the primary energy sources, not as 
much as the 33.1% of the world average. Coal-based structure has led to a low energy 
efficient and a seriously polluted environment. When the fossil-energy was consumed  
kinds of harmful air pollutants, like SO2, NOX, PM and so on. Among them the haze 
problem which caused by the serious PM problem, particles less than 2.5 micrometers in 
diameter  already effected Chinese people’ daily life. 
As shown in Fig. 1.4, China’ CO2 emissions since 1990s. Additionally, China has been 
the world’s largest greenhouse gas (GHG) emitter since 2006. Under the 2009 Copenhagen 
Accord, China pledged to reduce its emissions intensity by 40-45 percent from 2005 levels 
by 2020. In a joint announcement with the United States in Beijing in November 2014, 
China announced two new goals: peaking greenhouse gas emissions by around 2030, and 
increasing non-fossil sources to 20 percent of total energy by 2030. China later included 
these two goals in its intended nationally determined contribution (INDC) to the new 
international climate agreement to be concluded in Paris in December 2015, along with a 
goal of reducing carbon intensity 60-65 percent below 2005 levels by 2030.  
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Data source: China statistical yearbook 2016	
Fig. 1.4 China’ CO2 emissions since 1990s 
In 2003, China accounted for 31% of the world's coal consumption, 7.6% of oil 
consumption, 10.7% of hydroelectricity consumption, and 1.2% of gas consumption. 
Furthermore, China's global consumption share of all four energy fuels has increased 
sharply in recent decades. For example, in 1985, China's global shares were 20.7% for coal, 
3.2% for oil, 0.7% for gas, and 4.6% for hydroelectricity.1 Indeed, growth in energy 
consumption has been so strong since the early 1980s that it has outpaced growth in 
domestic energy supply, leading to a substantial expansion in China's energy imports, 
mainly oil. 
China’s environmental crisis is one of the most pressing challenges to emerge from the 
country’s rapid industrialization. Its economic rise, in which GDP grew on average 10 
percent each year for more than a decade, has come at the expense of its environment and 
public health. China is the world’s largest source of carbon emissions, and the air quality 
of many of its major cities fails to meet international health standards. Life expectancy 
north of the Huai River is 5.5 years lower than in the south due to air pollution. Severe 
water contamination and scarcity have compounded land deterioration. Environmental 
degradation threatens to undermine the country’s growth and exhausts public patience with 
the pace of reform. It has also bruised China’s international standing and endangered 
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domestic stability as the ruling party faces increasing scrutiny and public discontent. More 
recently, amid waning economic growth, leaders in Beijing appear more determined to 
institute changes to stem further degradation. 	
 
Data source: Mission China, Shanghai - Historical Data 
Fig. 1.5 2015 Air Pollution in Shanghai as measured by Air Quality Index(AQI) 	
Like in the year 2015, as shown in Fig. 1.5, there were more than 180 polluted days, 
among them, more than 60 days were heavily or severely polluted. 
The solutions to the problems of energy and environmental degradation include 
reducing the use of energy in production and consumption, increasing the use of energy 
saving and environmentally friendly methods in production and consumption and 
promoting technological innovations that will reduce the use of energy per unit of output 
(reduce energy intensity or increase energy efficiency) or reduce pollution per unit of 
output to achieve energy saving and improve the energy efficiency in the future.  			
		7 
1.1.4 Scope of study 1.1.4.1 Location	and	population	
 
Data source	 Lin, 2008; Huang and Deringer, 2007 
Fig. 1.6 Five climatic zones in China 
(Lin, Haiyan. 2008. A Brief Introduction to the Chinese Design Standards for Energy 
Efficiency in Residential Buildings. Beijing: China Academy of Building Research.) 
The climate condition varies greatly from region to region in China, leading to different 
regional characteristics of building energy consumption. The Chinese national regulation 
‘‘Thermal Design Code for Civil Building’’ (GB 50176-93, 1993) (China Construction 
Ministry, 1993) defined five climate zones in China according to the mean temperature of 
the coldest month (tcm) and the hottest month (thm). Compared with other climate zones, 
the Hot Summer and Cold Winter (HSCW) Zone showed special significance in energy 
conservation task of China due to the following reasons: This area covers 16 provinces, 
which is nearly half of the nation’s total provinces; more than 40% of Chinese population 
lives in this area, which is less than 20% of Chinese total area, leading to much higher 
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population density than other regions; the economy growth is more rapid than other region, 
and takes up 48% of the gross domestic product (GDP). The weather data of Typical 
Meteorological Year (Meteorological information center of China meteorological 
administration and Tsinghua University, 2005) showed that the average outdoor 
temperature is 0–10  in the coldest month and 25–30  in the hottest month. The relative 
humidity is 70%–80% or even higher all over the year. Together with the long period of 
summer and winter (summer: from early May to late September, winter: from mid-
December to mid- February next year), the building energy consumption in HSCW Zone 
takes about 45% of the whole country (Yu, 2009). According to China design regulation 
(GB 50176-93, 1993) and local traditional habits, no central heating system was designed 
for buildings in the HSCW climate zone. However, people’s increased requirement for 
thermal comfort aggravates the increase of building energy consumption, especially for the 
heating part. According to the data from China National Bureau of Statistics, energy 
consumption for heating in HSCW Zone raised 30.6% from 2003 to 2007 (National Bureau 
of Statistics of China, 2003, 2004, 2005, 2006, 2007). Furthermore, the insulation 
performance of the building envelope was generally very poor. A survey showed that 54% 
of the existing urban dwellings in HSCW Zone only installed 370 mm depth brick wall 
with 20 mm cement plaster on both internal and external face of the wall (Fu, 2002), with 
the heat transfer coefficient of 1.53 W m-2 K-1. These social, climate and policy factors lead 
to the high building energy consumption and poor indoor thermal comfort in HSCW Zone. 
The concept of hot summer and cold winter zone is from the “Thermal Design Code for 
Civil Buildings” GB50176-93, the purpose of this code is to balance the thermal 
performance design and the climate, to satisfy the basic thermal requirement. In China, 
building climate subarea was divided into five climate zones, shown in fig 1.6. 
Hot summer and cold winter zone locates at south center of China. Hot-summer/cold-
winter zone is the transient climate region between the cold and the hot zones in China.  
It includes the whole of Hubei, Hunan, Jiangxi, Anhui, Zhejiang provinces, Shanghai 
and Chongqing two municipalities, the eastern part of Sichuan and Guizhou provinces, the 
southern part of Henan, Jiangsu, Shanxi and Gansu provinces, and the northern part of 
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Fujian, Guangdong and Guangxi provinces. The zone includes an area of 
1,800,000 km2 with a population of 550 million people, around 20% of China’s land area, 
and 40% of Chinese population. This region is the most populous and economical-
developed area of China, producing 48% of the gross domestic product (GDP) of the whole 
country. 
1.1.4.2 Economics and climate  
Hot summer and cold winter zone locates at south center of China. The weather here is 
severe, the mean temperature of the hottest month July is between 25 °C and 30 °C, about 
2 °C higher than other places of the same latitude in the world; while, the mean temperature 
of the coldest month January is between 2 °C and 7 °C, which is about 8–10 °C lower than 
other places of the same latitude in the world. Besides, the relative humidity in most cities 
of this region is 75–80%, sometimes, even more than 95% (Yu et al. 2008). Additionally, 
the heat-insulating level for residential buildings is extremely poor, indoor temperature is 
usually higher than 30 °C in summer and less than 12 °C in winter in buildings without air-
conditioner. To maintain indoor thermal comfort, buildings need long time cooling in 
summer and heating in winter. According to a related data, 80 million kW of cooling load 
in summer and 0.2 billion kW of heating load in winter are required in this zone to maintain 
indoor thermal comfort, the total energy consumption for cooling and heating per unit floor 
area in this zone is higher than those in cold zones (Fu et al.  2002) [in Chinese]. The 
conditions of rigorous climatic, huge energy consumption and poor heat-insulating level in 
hot summer and cold winter zone make the energy conservation program in residential 
buildings be much more crucial and imply that it has great significance to determine the 
most economic and efficient design method. (Yu et al. 2009) 
The most durable time you will ever have outside during the hottest summer month is 
25–30 °C, with peak temperatures above 40 °C. The average outside temperature during 
the coldest winter month is 0–10 °C, with lowest temperatures below 0 °C. 
The main bother of hot-summer and cold-winter zone is hot, humid summers and cold, 
humid winters. The temperature difference between day and night is normally small. The 
precipitation in an average year is large. Sun radiation is relative weak due to cloud cover. 
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1.1.4.3 Present residential energy consumption in China 
Residential energy consumption (REC) is the second largest energy use category (10%) 
in China although it lags behind the industry by far. Urban residents account for most of 
the REC (63%). With urban population expected to grow by 20 million per year and 
residential building area increasing by 2 billion square meters every year through 2020, 
residential energy consumption (REC) is likely to continue its rapid growth (Zhou et al., 
2009). Other factors may also contribute to a rapid growth of REC, including elevated 
income levels, changing consumer preferences, as well as penetration of electric appliances 
and private transportation vehicles. On the other hand, continued energy price reforms, 
energy efficiency policies and energy conservation awareness may help to restrain further 
REC growth. 	
1.1.5 Residential building characteristics 
In recent years, housing development has ballooned in China as its economy has 
developed. Thousands of people moved to the urban area from the rural area for a better 
income and living conditions. In China, as the traditional thought, the house is a very 
important part of contentment and security. But in the house developing process, there are 
some problems happening. 
In Fig. 1.7, this is the current energy saving considering method. The urban planning is 
always made by government (To be precise, the government delegates this work to some 
design companies, but the government can make a decision). The architecture design and 
construction are down by the developers. And the energy saving always appears on the 
government policy and the users actually intended. 
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Fig. 1.7 Traditional energy saving considering method 	
1.2 Literature review and problem statement  
1.2.1 Researches about energy efficiency of new construction 
It is expected to take advantage of the experience of developed countries. Whether the 
construction or energy considering of modern building of China fell behind the world. 
 In developed countries, the construction of modern buildings began since the end of 
the Second World War, and the relevant energy studies began since 1970s’ energy crisis. 
However, in China, the construction of modern buildings began from the Chinese 
economic reform in the year 1978, most of the building were removed as the rapid 
urbanization during the last several decades. The large-scale construction started since the 
1990s, but even until now, even the government and the researchers are calling for the 
energy efficiency, most developers choose to design and construct the residential buildings 
in the traditional method without taking corresponding measures. 1.2.1.1 Researches	on	residential	energy	efficient	design	in	developed	countries	
In US, residential and commercial buildings consume about 39% of the total primary 
energy and 70% of the electricity energy. (US Department of Energy. Buildings energy 
data book; 2006) 
 Nowadays, to optimize the energy consumption in buildings is a major priority of the 
energy policy in the European Union (EU) and other countries. This goal can be mainly 
achieved by optimizing the building envelope (i.e., the constructional elements).  
Urban Planning
Architecture
Design and
Construction
Energy
Saving
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To improve the environmental performance is another important aspect in both design 
and operational phases of a building. In the US, about 38% of CO2 emission, 52% of SO2 
emission, and 20% of NOx emission came out to the air because of building-related energy 
consumption (US Department of Energy. Buildings energy data book, 2006). In Japan, 
from 1950s to 1990s Nakagami et al. 1996foreshows that the importance of electricity 
in modern life may be increasing for providing more comfortable life in China. Lopes et 
al. considered that energy consumption is closely related to the residents’ lifestyle (Lopes 
et al. 2005). With the rising of the income, consumption becomes an act of pleasure beyond 
satisfying basic needs, our lifestyle changing has a dramatic impact on world energy-
demand (Anker, 2003). 
A suitable heating and cooling design is one of the best methods to reduce energy cost 
in buildings (Omer, 2008). To design energy-efficient building, design variables and 
construction parameters must be optimized (Feng. 2004). Consequently, it is necessary to 
identify the design variables that are directly related to heat transfer processes. Ekici and 
Aksoy (Ekici et al. 2011) summarized the parameters that affect building energy 
requirements
The American Society of Heating, Refrigerating and Air-conditioning Engineers 
(ASHRAE) originally proposed the Overall Thermal Transfer Value as a performance 
index for the envelope of air-conditioned buildings in 1975 (ASHRAE. 1975), which was 
revised later into Standard 90A-1980 (ASHRAE. 1980). The Overall Thermal Transfer 
Value is an estimate on the rate of average heat-transfer through the building envelope 
(Chow et al. 1995); the usual practice is to have two separate Overall Thermal Transfer 
Value: one for external walls (including windows) and the other for the roof (including 
skylights, if any) (Joseph et al.,2005). Many countries introduced this method in building 
energy codes (Busch et al., 1987). The Chartered Institution of Building Services 
Engineers-HongKong Branch (CIBSE) introduced Overall Thermal Transfer Value in 
1980 and publicized the standard in 1995 (Code of practice for overall thermal transfer 
value in buildings, 2000). Japan proposed Perimeter Annual Load (PLA) in 1980, defined 
as annual thermal load (sum of heating and cooling loads) of perimeter spaces within 5 m 
of exterior wall, plus the top story just under the roof. The PLA is the total annual cooling 
		13 
and heating load in perimeter of buildings per unit floor areas; it includes heat conduction 
through envelope caused by temperature difference between outdoor and indoor conditions, 
solar radiation heat gain, fresh air load and indoor heat gain (Energy efficiency building 
standards in Japan, 1979). The Envload index is a regression equation made up of two 
meteorological variables and three architectural design variables. The meteorological 
variables describe the cumulative indoor-outdoor temperature differences (similar to 
degree-days) and the amount of solar radiation by orientation. The architectural variable 
describes the insulation performance of the building envelope, its overall solar heat gain 
coefficient, and its internal loads (Yang et al. 2007). However, all of them are incapable of 
illuminating the effect of building’s shape coefficient on energy consumption. 
Obviously, energy-efficient design methods are an added value that benefits the end 
user. A building design based on energy-saving criteria reduces economic costs throughout 
the useful life of the building because of its lower energy consumption, and this more than 
compensates for the greater initial investment. Since there are also fewer CO2 emissions 
into the atmosphere throughout the building's life cycle, this benefits society as well. 
 1.2.1.2 Problems	of	residential	building	energy	saving	researches	in	China	
In China, the energy saving started later than the developed countries. The energy saving 
technique started to be paid attention since 1990s. In 1995, “Building Energy Saving Ninth 
Five-year Plan and 2010 Planning” was established. This is a symbol of the national energy 
saving started.  
In recently these years, rapid economic growth in China is generating higher household 
income and a higher living standard, and giving incentives to purchase more electric 
appliances and consuming more electricity. The increase in the consumption of residential 
electricity is due to the use of a higher number of electric appliances, and this reflects the 
higher economic status of the householders and their lifestyles.  (Genjo et al. 2005) It is 
undoubtedly that electricity will grow rapidly as consumers buy more appliances and keep 
the appliances plugged in more hours each day (Meier et al. 2004). 
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With the improvement of people’s living standard, the numbers of air-conditioned 
buildings and the amount of energy use in these buildings have increased dramatically 
inrecent years. Building envelopes are the interface between indoor and outdoor 
environment which affect the indoor heat gain and heat loss. One way to alleviate the 
growing demand for energy is to have more energy-efficient building designs and proper 
building energy conservation measures (Liu et al. 2008).  
Several studies have investigated the energy performance in sustainable design of 
residential buildings in hot summer and cold winter zone of China. These studies largely 
focused on the energy savings potential and energy performance of certain measures using 
energy simulation programs, such as the effects of shape coefficient (Fu et al. 2010) and 
window-wall ratio (Jian et al. 2006) on annual energy use, the relationship between 
insulation thickness and air conditioning load (Ning et al. 2006), the determination of 
optimum insulation thickness over the lifetime (Wang et al. 2008), the thermal 
performance of external windows/skylights (Xu et al. 2008) and shading system (Yu et al. 
2007); some focused on the low-energy envelope design and the comparison of energy 
performance based on a reference building using some strategies. There are few studies 
published about the sensitivity analysis of envelope design parameters on the overall 
building energy performance in hot summer and cold winter zone, which can quantitatively 
explain the effect of each parameter of building envelope on the energy use under given 
circumstances and identify the important design parameters in order to reduce the energy 
use in residential building. 
In the year 2001, “Design Standard for Energy Efficiency of Residential Building in 
Hot Summer and Cold Winter Zone JGJ1342001” came out, it means there is a standard 
special for the hot-summer and cold-winter zone in China. In the year 2010, this standard 
was updated. 
To summarize, there are many researchers are studying the energy saving in many 
different methods and also have made great achievements. But problems and challenges   
still exists and shown below. 
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1) The research of residential building should be considered separately for each 
building type (high-rise building, multi-story building and detached building). 
2) The energy saving should be discussed based on the human comfort, but not only 
based on the temperature. 	
1.2.2 Researches on Indoor Thermal Comfort  
Thermal comfort is an important index defined as the condition of mind which expresses 
satisfaction with thermal environment.  
Energy-efficient buildings are only effective when the occupants of the buildings are 
comfortable. If they are not comfortable, then they will take alternative means of heating 
or cooling a space such as space heaters or window-mounted air conditioners that could be 
substantially worse than typical Heating, Ventilation and Air Conditioning (HVAC) 
systems. human-thermal-comfort part. Autodesk 
Thermal comfort is difficult to measure because it is highly subjective. It depends on 
the air temperature, humidity, radiant temperature, air velocity, metabolic rates, and 
clothing levels and each individual experiences these sensations a bit differently based on 
his or her physiology and state.  
A cold sensation will be pleasing when the body is overheated, but unpleasant when the 
core is already cold. At the same time, the temperature of the skin is not uniform on all 
areas of the body. There are variations in different parts of the body which reflect the 
variations in blood flow and subcutaneous fat. The insulative quality of clothing also has a 
marked effect on the level and distribution of skin temperature. Thus, sensation from any 
particular part of the skin will depend on time, location and clothing, as well as the 
temperature of the surroundings. 			
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1.2.2.1 Human	thermal	comfort	research	history	
Thermal comfort is an important aspect of the building design process as modern man 
spends most of the day indoors. Thermal comfort is defined as ‘the state of mind, which 
expresses satisfaction with the thermal environment’ (ASHRAE, 2004); a definition 
quickly comprehended, but hard to capture in physical parameters. There exist extensive 
modeling and standardization for thermal comfort, which depend both on physical and 
physiological parameters, as well as on psychology. The thermal environment itself can be 
described as the characteristics of the environment that affect the heat exchange between 
the human body and the environment. Thermal comfort research and practice is not a static 
field, in contrary, ever since the emergence of air-conditioning in the built environment the 
field has expanded. One of the highlights in research was the development of the PMV-
model (Predicted Mean Vote) by Fanger in the late 1960s (Fanger, 1970), which is used 
for evaluating indoor thermal comfort and forms the basis of present day thermal comfort 
standards. Other indices used are Gagge et al.’s (Gagge et al. 1971) New Effective 
Temperature (ET*) and Standard New Effective Temperature (SET*), as well as operative 
temperature. Thermal comfort is a very interdisciplinary field of study, as it involves many 
aspects of various scientific fields: building sciences, physiology, and psychology, to name 
a few. This adds up to the complexity of the matter. Advances in computer technology have 
led to an increased and improved ability to evaluate and model complex physical and 
physiological conditions. This not only meant it became easier to solve the non-linear 
equations the PMV model is based on, but also to carry out complex building performance 
simulations of buildings that were in their design phase in order to predict the comfort of 
future occupants. 
Usually, indoor thermal comfort research and practice are dealt with development since 
the second half of the 1990s, and groups these developments around two main themes: 
(i) Thermal comfort models and standards 
(ii)  Advances in computerization. 
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Within the first theme, the most popular thermal comfort index, Predicted Mean Vote, 
and the underlying PMV-model, are discussed in the light of the emergence of models of 
adaptive thermal comfort. The PMV-model, which is best known heat balance model, is 
often referred to as being a static model. The term ‘constancy hypothesis’ is also used in 
relation to heat balance models. Even though the application range of SET* is much wider 
than that of PMV, and despite its widespread use particularly in the United States, SET* is 
not treated further in this review. For a critical discussion on ET* and SET* see Michida 
and Sakoi (Mochida et al. 2005). 
A second hypothesis that is gaining popularity in terms of practical applicability, 
occupant satisfaction and from an environmental perspective is the adaptive hypothesis, in 
which the perception of thermal comfort is related to outdoor weather conditions. The 
adaptive hypothesis has led to a number of closely-resembling models that have been 
considered for inclusion in the latest round of thermal comfort standard revisions. The 
adaptive models are based on adaptive opportunities of occupants and are related to the 
availability of options of personal control of the indoor climate as well as psychology and 
performance. This paper provides an overview of the basis of the two types of models, 
discusses their strengths and weaknesses, and shows how the two models are included in 
the main thermal comfort standards. The mean focus of this paper is on office work and 
office environments. Thermal comfort research of course is not limited to office 
environments alone. Some of the non-office environments studied include residential 
buildings (Peeters et al. 2009) (Heijs et al. 1987).   
The second theme focuses on the increasing role played by computerization in thermal 
comfort research and practice. The availability of improved building performance 
simulation tools and modeling using computers and sophisticated multi-segmental models 
of human physiology, and improved thermal manikins have their distinct impact in the field. 
Advances in computerization are linked to the development of alternative higher resolution 
thermal indicators that apply sophisticated thermophysiological models (Linden et al. 
2008). Enhanced computer tools link thermal comfort needs to energy use, and help 
designers and engineers to create ideal environments for occupants. Such optimal 
environments do not only guarantee comfort but also contribute to work performance and 
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productivity. Innovations in the field of thermal manikins find their way in a wide range of 
settings, and enable researchers to accurately study simulated human responses to the 
thermal environment without the use of actual subjects. 
 1.2.2.2 Thermal	sensation	and	thermal	comfort	
Thermal sensations are different among people even in the same environment. Even 
though the sensors render the same results regardless to the geographical position where a 
measurement is being taken, this is not the case for persons. Indeed, persons staying in very 
similar spaces, subjected to the same climate, and belonging to a common culture, issue 
very different opinions on thermal comfort due to the combination of a large number of 
factors that affect the perception of human beings. Subjects diagnosis is therefore an 
indispensable tool to achieve an overall evaluation of the study parameters (Kuchen et al. 
2009). Conventionally, thermal discomfort is treated as a subjective condition while 
thermal sensation is an objective sensation (Hensen et al. 1991). Satisfaction with the 
thermal environment is a complex subjective response to several interacting and less 
tangible variables (Ogbonna et al. 2008). In other words, there is really no absolute 
standard for thermal comfort. In general, comfort occurs when body temperatures are held 
within narrow ranges, skin moisture is low, and the physiological effort of regulation is 
minimized. Comfort also depends on behavioural actions such as altering clothing, altering 
activity, changing posture or location, changing the thermostat setting, opening a window, 
complaining, or leaving a space. In 1962, Macpherson defined the following six factors as 
those affecting thermal sensation: four physical variables (air temperature, air velocity, 
relative humidity, mean radiant temperature), and two personal variables (clothing 
insulation and activity level, i.e. metabolic rate) (Lin et al. 2008). Thermal comfort 
standards determine the energy consumption by a buildings environmental systems; 
therefore, they play an important role in building sustainability (Yao et al. 2009). This 
energy often involves the combustion of fossil fuels, contributing to carbon dioxide 
emissions and climate change (Alison et al. 2010). Thermal comfort is also a key parameter 
for a healthy and productive workplace (Taylor et al. 2008). With the urgent need to reduce 
the economic and environmental cost of energy consumption, investigations covering 
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many aspects related to thermal comfort in indoor environments have attracted authors for 
decades. These include establishing models (Fanger. 1970) and indices (Gagge et al.1986), 
carrying out experiments in climate chambers (Fanger. 1970) and field surveys (Lin et al. 
2008), establishing thermal comfort standards and evaluation methods (Olesen et al. 2002; 
Dear et al. 2002), etc. The most important findings are now the basis of national and 
international standards, e.g. (ISO 7730:2005, 2005). They focused on correlations for 
thermal comfort criteria or on health issues like the Sick-Building-Syndrome (Wagner et 
al.  2007). To determine appropriate thermal conditions, practitioners refer to standards. 
The standards define temperature ranges that should result in thermal satisfaction for at 
least 80% of occupants in a space (Charles et al.  2003). The international comfort 
standards such as ASHRAE standards and the International Standards Organization (ISO) 
are almost exclusively based on theoretical analyses of human heat exchange performed in 
mid-latitude climatic regions in North America and northern Europe (ISO 7730:2005, 
2005). They were based primarily on mathematical models developed by Fanger on the 
basis of studies from special climate-controlled chamber experiments. Moreover, these 
standards are suitable for static, uniformly thermal conditions and are based on the 
hypothesis that regardless of race, age and sex; human beings are thought to feel 
comfortable in a narrow, well-defined range of thermal conditions (Han et al.  2007). 1.2.2.3 Predicted	Mean	Vote	
A method of describing thermal comfort was developed by Ole Fanger and is referred 
to as Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied (PPD). PMV 
is arguably the most widely used thermal comfort index today. The ISO Standard 7730 
(ISO 1984), "Moderate Thermal Environments - Determination of the PMV and PPD 
Indices and Specification of the Conditions for Thermal Comfort," uses limits on PMV as 
an explicit definition of the comfort zone. 
The PMV equation only applies to humans exposed for a long period to constant 
conditions at a constant metabolic rate. 
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The PMV-model by Fanger is a predictive model for general, or whole-body, thermal 
comfort. The model was derived during the second half of the 1960s from laboratory 
studies and climate chamber research. With his work, Fanger wanted to present a method 
for use by heating and air-conditioning engineers to predict, for any type of activity and 
clothing, all those combinations of the thermal factors in the environment for which the 
largest possible percentage of a given group of people experience thermal comfort. The 
PMV-model is often referred to as a static or constancy model due to its construct. The 
human body produces heat, exchanges heat with the environment, and loses heat by 
diffusion and evaporation of body fluids. The body’s temperature control system tries to 
maintain an average core body temperature of approximately 37°C even when thermal 
disturbances occur. According to Fanger, the human body should meet a number of 
conditions. These requirements for steady- state thermal comfort are:  
(i) the body is in heat balance. 
(ii) mean skin temperature and sweat rate, influencing the heat balance, are within 
certain limits. 
(iii) no local discomfort exists. 
 
Data source: Economic impact of integrating PCM as passive system  
in buildings using Fanger comfort model. 
Fig. 1.8 Thermal comfort factors of Fanger PMV model. 
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Fanger defined PMV as the index that predicts, or represents, the mean thermal 
sensation vote on a standard scale for a large group of persons for any given combination 
of the thermal environmental variables, activity and clothing levels (Fanger. 1970). The 
PMV-model includes all the major variables influencing thermal sensation and quantifies 
the absolute and relative impact of six factors of which air temperature, mean radiant 
temperature, air velocity and relative humidity are measured, and activity level and 
clothing insulation are estimated with the use of tables (Table 1.2). Activity level is 
measured in terms of metabolic rate, or met units, and clothing insulation in clo units (Gagg 
et al. 1941). The PMV-model is often referred to as a static model, as it is based on a 
steady-state energy balance. It cannot predict the exact response to a step change. However, 
the PMV-model is not as static as is often suggested, as one can use different parameters 
as input for the model, i.e., different values of activity level and clothing insulation. This 
however may have consequences to the reliability of the overall assessment of comfort. 
The thermal comfort conditions of the human body as a whole can be evaluated by 
means of the PMV index Fanger et al. 1967, which integrates the influence of the 
thermal comfort factors (air temperature, air velocity, mean radiant temperature, humidity, 
clothing and activity) into a value on a 7-point scaleASHRAE, 2013. (see Table 1.1) 
Table 1.1 7-points ASHRAE thermal sensation scale 
 
Data source: ASHRAE Standard 55-2013 
The PMV-index, as shown in Table 1.2, is an objective method based on an analysis of 
the heat balance equation of the human body together with the influence of the physical 
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environment and expressed as a subjective sensation. Although PMV index is expressed 
on a thermal sensation scale, it defines thermal comfort conditions rather than the thermal 
sensation. Therefore, it can be used as an index for the thermal environment assessment 
from the perspective of building and HVAC system performances.  
Table 1.2 Ranges of application for the PMV model 
 
When PMV is zero, thermal comfort is maintained; + 1, + 2 and + 3 indicate slightly 
warm, warm and hot conditions, while - 1, - 2 and - 3 stand for slightly cool, cool and cold. 
Equation  
In this study, the time-dependent PMV, which is a complex mathematical expression 
involving activity, clothing and the four environmental parameters, was generated from 
Fanger’s expressionFanger et al.  1970):  
(1) 
With 
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Where          
e Euler’s number (2.718) 
fcl clothing factor 
hc convective heat transfer coefficient 
Icl clothing insulation [clo] 
M metabolic rate [W/m2] 115 for all scenarios 
pa vapor pressure of air [kPa] 
Rcl clothing thermal insulation 
ta air temperature [°C] 
tcl surface temperature of clothing  [°C] 
tr mean radiant temperature [°C] 
V air velocity [m/s] 
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W external work (assumed = 0) 
where M/ADU is the metabolic rate (W/m2), !  the mechanical efficiency, pa the 
pressure of water vapor in ambient air (mm Hg), ta the air temperature (◦C); fcl the ratio of 
the surface area of the clothed body to the surface area of the nude body, tcl the temperature 
of the clothing surface (◦C), tmrt the mean radiant temperature (◦C), hc the convection 
coefficient. 
where tc1 is insulation of clothing in clo unit and v is relative air velocity (m/s). 
Eq. (1) is a transcendental equation, which can only be solved by an iterative process. 	
1.2.2.4 Predicted Percentage of Dissatisfied (PPD) 
Predicted Percentage of Dissatisfied (PPD) predicts the percentage of occupants that 
will be dissatisfied with the thermal conditions. It is a function of PMV, given that as PMV 
moves further from 0, or neutral, PPD increases. The maximum number of people 
dissatisfied with their comfort conditions is 100% and, as you can never please all of the 
people all of the time, the recommended acceptable PPD range for thermal comfort from 
ASHRAE 55 is less than 10% persons dissatisfied for an interior space Hoof et al. 2010 . 
In addition, another index is also developed by Fanger which is called Predicted 
Percentage Dissatisfied (PPD) which could be calculated through PMV, and expresses the 
expected percentage of people who are thermally uncomfortable in the subjected 
environment. The relationship between PPD and PMV is shown in Fig. 1.9. 
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Data source: E.N.I.S.O.7730, (2005)  
Fig. 1.9 PPD as function of PMV 	
Since PPD is a function of PMV, it can be defined as 	
(2) 
 
To express the quality of the thermal environment as a quantitative prediction of the 
percentage of thermally dissatisfied (i.e. people who feel too cold or too hot) the PPD-
index (predicted percentage of dissatisfied) is also used. The PPD correlates to the PMV 
value by means of Eq. (2) whose mathematical structure reveals that a little percentage of 
dissatisfied (5%) can be expected under thermal neutrality conditions (i.e. PMV = 0). 	
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1.2.3 Problems Statement 
1.2.3.1 Energy saving strength gambling 
As shown in Fig. 1.10, there are three stakeholders for the energy saving. Energy saving 
is a government policy. The government is striving for energy saving. The developers also 
think energy saving is good but they don’t want to lose their benefit, increase the initial 
cost. The users actively respond to the government policy.  
 
Fig. 1.10 Relationship between three stakeholders for the energy saving and their appeals  
 
Because before the process operation” shown in Fig. 1.10, the houses are all belonged 
to the developers. After the construction, the houses are sold to the users. But the external 
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structure cannot be changed any more. The users care the thermal comfort and energy 
consumption. 
As is well-known, the design and construction process in China is shown in Fig. 1.11. 
During this process, the developers should do the energy saving, but add the energy saving 
measurement means increase the initial cost. Initial cost is what the developers see high of. 
Design method could be a way to balance the appeal of the uses and the developers’ 
consideration. Design method can make the building be more efficiency and lower energy 
consumption, so the users’ requirement can be satisfied. Although the initial cost would be 
slightly increased, but the subsidy can cover the additional part if the energy consumption 
reduction can be reduced by 50% (China 3 Stars Green Building Evaluation Standard; 
Green building action plan, 2013). 
 
Fig. 1.11 The life circle of design and construction process in China		
1.2.3.2 Necessity of energy saving research in hot-summer and cold-winter zone 
Due to the historical, social, economic and other reasons, there were no heating and 
cooling appliances in most residential buildings in hot-summer and cold-winter zone. And 
the heat insulating was not attach importance to during the residential design process, that 
led the residential buildings’ thermal performance generally poor. Especially in hot 
summer and cold winter, the residential indoor thermal situation and the living conditions 
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were very terrible. But in recent 20 years, the economic and the living conditions have been 
greatly improved, most households have bought more than two air conditioners for cooling 
in summer and heating in summer.  
The energy saving in cold zone in North China has made great achievements. In order 
to make further progress of the energy saving, in the year 2003, the Ministry of 
Construction of China promulgated and started to enforce the “Design Standard for Energy 
Efficiency of Residential Building in Hot Summer and Cold Winter Zone” achieve the 
target of at least 50% energy saving in residential buildings.  	
1.2.3.3 Neglect of the building types differences 
Usually, the residential buildings are classified into three building types, and they are 
high-rise building, multi-story building, and the detached house. For a long term, the 
residential building was studied as the same building type, hardly researches were 
concerned to the differences among the building types. However, as the structure, layout 
and some other differences, the energy consumption in different building types differs 
considerably. The detail will be shown in chapter 2. 	
1.3 Objective and significance 
1.3.1 Objective 
The total target of the study is to build a design guideline for three residential building 
types. The process was divided into three steps: 
a) Master the current thermal situations for three building types in hot-summer and 
cold-winter zone. 
b) Evaluate the current energy and thermal situations and requirements of the three 
different residential building types. 
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c) Build a design method for different building types in hot-summer and cold-winter 
zone. 	
1.3.2 Significance 
Significance of this study is as follows: 
(1). To build a clean and sustainable economic  
As China’ urbanization rapid speed, it drives the economic developing in last several 
decades. But at the same time, the energy and pollution problems were also come out. How 
to improve the energy efficiency and develop a clean and sustainable economic is 
significant to our later generations. 
(2). To improve the indoor thermal comfort  
Thermal comfort is the condition of mind that expresses satisfaction with the thermal 
environment and is assessed by subjective evaluation (ANSI/ASHRAE Standard 55). A 
suitable design and construction method of the residential external envelop, even in winter 
and summer, the indoor environment still can be kept in a better thermal condition. 
(3). To improve the residential energy efficiency is an important part of the energy 
saving. 
As the large amount of residential buildings  the huge energy consumption, longer 
using time of air conditioner, the increase of the residential energy demand in hot-summer 
and cold-winter zone seems to be inevitable in the future. The research of the energy 
reduction and the energy efficiency improvement are becoming more and more significant 
to not only alleviate the scarce problem of energy  but also protect the environment, it is 
very important to China’ sustainable development policy. 
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1.4 Research contribution 
The study analyzes the thermal situation through the field measurement  the real-time 
data is used, the simulation based on this, the authenticity and confidence is much higher. 
In this study, the residential building was classified into three building types according 
to the building floor number. The analysis is more pertinent and the advices are more 
feasible. Quantitative analysis and advices for each energy saving strategy are given, the 
results are easier to be applied in practice. Design guideline for different building types 
were put forward in this research.  
1.5 Dissertation outline 
This thesis consists of five chapters, the outline and relation between the chapters are 
shown in Fig. 1.12. It introduced design method of the residential building energy saving 
systematically. 
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Fig.1.12 Structure of Research 
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 CHAPTER 2 
QUESTIONNAIRE ON THERMAL SITUATION AND ENERGY 
CONSUMPTION 	
2.1 Introduction of questionnaire 
Accompanied with the commercialization of the residential buildings, the design 
and construction of the residential buildings are more and more diversification and 
individuation. But at the same time more and more buildings’ energy consumption 
cannot satisfy the indexes of “Design Standard for Energy Efficiency of Residential 
Building in Hot Summer and Cold Winter Zone-2010”. Like large window area but 
without energy efficiency glass, the fickle building shape lead to a big shape 
coefficient and so on. As a result, the energy consumption in hot-summer and cold-
winter zone is much higher than the other zone. 
 
Data source: J. Yu et al. / Applied Energy 86 (2009) 1970–1985  
Fig. 2. 1  Location of three investigated cities in hot-summer and cold-winter zone 
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A survey of energy consumption and thermal performance in urban residential 
households in hot-summer and cold-winter zone in China was undertaken. Three 
cities, namely Shanghai, Hangzhou city in Zhejiang province, Changzhou city in 
Jiangsuthe location of three cities are shown in Fig. 2.1. In this chapter, the results 
of questionnaire are shown. 
Before the year 2001, the residential building design and construction were not see 
high of the heat insulation property, even there was no heating and cooling equipment, 
the thermal performance of the residential buildings generally poor, the indoor 
thermal situation was bad. But recently, as the economic development, the 
requirement has been largely improved. Both the amount and the usage time of the 
air-conditioners have been largely increased and extended. 
The residential energy consumption is also affected by some other factors, like 
climate, the using habits and others. If these factors are not fixed, it is very difficult to 
evaluate. In hot-summer and cold-winter zone, the heating and cooling load are 
greatly influenced by the individual difference. To simulate the energy consumption 
in this zone, investigation about the climate and the energy using characteristics 
should be done first.  
Fig. 2.2 shows the images of three building types: 
	
Fig. 2.2 The images of three building types (from the left: high-rise building, multi-story 
building, detached house) 
 
2.2 Investigation method 
Building energy consumption, usually, was supposed to be the civil architecture 
(including the public building and the residential building).  
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During the using progress, energy consumption is mainly including the cooking, 
lighting, air-conditioner heating and cooling , hot water feed and domestic 
appliance. Among them, the air-conditioner is the main cost of energy, about 65% of 
the total energy, the second is hot water feed, about 15%, the third is domestic 
appliance, about 14%, and the last is the cooking, about 6%. In hot-summer and cold-
winter zone, the main energy is secondary energy, electricity, except cooking and a 
part of hot water feed. 
Fig. 1.6(in chapter 1) shows the location of the three investigated cities distributed 
in three provinces in hot-summer and cold-winter zone in China. Sampling method 
was designed in a scientific way to obtain representative samples in each city. 
Three-phase sampling method was adopted, where investigated cities were decided 
firstly, and residential districts were selected in each investigated city secondly, and 
families in each selected residential district were finally taken out thirdly. In the first 
phase, all cities in hot-summer and cold-winter zone are classified. Typical cities were 
selected in each province based on the way of representative sampling. In this way, it 
is possible to reflect the respective characteristics of both residential energy use and 
thermal performance of the building by the investigators, and the adoption of 
representative sampling can help to analyze the statistical detail so that residential 
energy use and its relationship with important ingredients can be revealed. In the 
second phase, to ensure the representativeness and universality of the selected 
samples, several typical residences were selected in the future in each investigated 
city, and each residence was required to represent the common situation of energy use. 
In the third phase, households were finally chosen by random. It should be pointed out 
that attention was also paid on samples selecting which bear different household 
backgrounds and domestic economic levels estimated by the basic information in 
Table 2.1. 
Table 2. 1  Items of the basic information 
Location: City, District, Street  Building Floor Area 
Family Composition Construction Time 
Building Structure Form Area of Windows 
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2.3 Questionnaire drafting and data processing 
The questionnaire should be drawn up based on the rules of scientific, reasonable, 
genuine and believable.  
Based on the above, the questionnaire should include three parts, the basic 
information, the current energy using and the human comfort. The questionnaire is 
shown as follows. 
2.3.1 Questionnaire drafting 
 
Óä: Questionnaire 
 
»ß0L&t(basic information) 
 
1. }fJ7            ´            d(location) 
2. ]kyD(family characteristics)  h            	Income of the family
                      
    yh         yh      
3. !Y¾K (building type) 
    □bl¼  □®º|c	2~3 b
  □|    b	*Î    b
 
4. l¼³åo¿Þh	o9>
 (built year) 
                             
5. |c³l¼æ·Q` (floor area) 
□≤50m2   □50 m2 ~ 70m2   □70 m2 ~ 90m2    □90 m2 ~ 110m2   □≥110 m2 
6. Üf#°ß0³l¼æ·o¿Q`(common used area) 
□≤50m2   □50 m2 ~ 70m2   □70 m2 ~ 90m2    □90 m2 ~ 110m2    □≥110 m2 
7. ¹{³áEo_04 (window area) 
    _¹    	2m2
       o¹    	2m2~4m2
       ÉJ¹     
 
»ß0ÄÃ( energy consumption) 
 
1. u]Ì³,X<ÏN	>Q6Û
 (heating appliance)  
T¸Ó  □0"nÜ¸Ó  □â§  □+               
2. V,X#°+<ÏNz ÒM             Õ°oQ`
VÒs²Ñäé (heating price if other method was used) 
A≤30 ( B.30~50 ( C.50~70 ( D.70~90 ( E.90~110 ( F.≥110 ( 
3. ,X±Õo¿         OX±Õo¿     
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  	electric charge
                          
A≤30 ( B.30~50 ( C.50~70 ( D.70~90 ( E.90~110 ( F.≥110 ( 
4. V,X#°¸Ó¸Ó#°åo¿/_ 	air-conditioner 
using time in winter
 
0~2 _  □2~4 _  □4~6 _  □6 _ 
5. ×¡XÇ	µX
³±Õo¿Q` (electric charge in transition 
seasons) 
A≤30 ( B.30~50 ( C.50~70 ( D.70~90 ( E.90~110 ( F.≥110 ( 
6. OX³5.ÏN	>Q6Û
 (cooling appliance in summer) 
T¸Ó  □0"nÜ¸Ó  □ê~  □+               
7. VOX#°+5.ÏNz ÒM             Õ°oQ`
VÒs²Ñäé   (cooling price if other method was used) 
    A≤30 ( B.30~50 ( C.50~70 ( D.70~90 ( E.90~110 ( F.≥110 ( 
8. VOX#°¸Ó¸Ó#°åo¿/_(air-conditoner using 
time in summer) 
0~2 _  □2~4 _  □4~6 _  □6 _ 
9. V¶³</5.ÏNfÂÊBZËuÀ?ÂÊ³)@èi
           	Ò1èi
  
A. 3y B. #°Õ° C. 5.5©Ýj 
	ÒÁç
 
»ß0ÅÚj (human comfort) 
 
1. u^¯f³O,X³.©­-¥wA (thermal comfort satisfaction) 
□q¥w   □Ö¥w □>= □≥S¥w □≥¥w 
V¥wG         
□OXS©   □,XS. 
2. V,Xm¸ÓÆÏ[¢j³ÈH (air-conditioner temperature 
setting in winter) 
18 jz □18~22	C
j □22~26	C
j □26 j 
Ï[Ù¢j³;G         
Å □½Å Ö´± □S.aUÙ¢j´± 
3. ,X.\P³¢jo¿Q`  (outdoor temperature) 
□0 jz □0~8	C
j □8~16	C
j □16 j 
4. ,XPæ³êoA (wind situation in winter) 
qo □Öo □So □22U 
5. ,XPæ¦£A (humidity in winter ) 
q¦£ □Ö¦£ □Ø> □¨g« □80g« 
6. ,XV<ÏNÆfv-#°  (when to start air-
conditioner) 
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xÍ.a° □q.³'° □.³=° 
7. VOXm¸ÓÆÏ[¢j³ÈH(air-conditioner temperature 
setting in summer) 
18 jz □18~22	C
j □22~26	C
j □26~28	C
j  
□26 j 
Ï[Ù¢j³;G         
Å □½Å Ö´± □S.aUÙ¢j´± 
8. OX©\P³¢jo¿Q`  ( outdoor hottest temperature in 
summer ) 
□16 jz □16~28	C
j □28~32	C
j □32 j 
9. OXPæ³êoA (wind situation in summer)  
qo □Öo □So □22U 
10. OXPæ¦£A(humidity in summer) 
q¦£ □Ö¦£ □Ø> □¨g« □80g« 
11. o±FãÚ°%pØ±¤	standby mode or unplug 
the power cord
 
 
 
V>³ÐÒer|W³ª¬	Vàæ$³ÐÒer
Ô
Ô%(Please take a photo of the house) 	 	
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2.3.2 The way to process missing data 
The families are taken as the samples, and all the items in the questionnaires are 
taken as the variables when processing the missing data. There are usually two kinds 
of missing data. One is no answer for all the variables in the questionnaires, and the 
other is no answer for some items in the questionnaires. Sample delete, partial delete 
and interpolation are three different ways to deal with missing data: 
 (1) Sample delete is usually used for no answers for the whole questionnaire. If 
the families refuse to fill in the questionnaires, these samples should be deleted from 
the whole sample collectivity. In addition, if the families just fill in a very small part 
of the questionnaires so that the questionnaires are useless for the analyses, this kind 
of samples should also be deleted.  
(2) Partial delete and interpolation are usually used for no answers for some items 
in the questionnaires. Partial delete means those samples with the missing data of one 
variable are invalid for the statistics of this variable, but they are still valid for the 
statistics of other variables. Thus, this will result in the different sample capacities for 
different variables.  
(3) Interpolation is a way of using another value to replace the missing values. As 
for one variable, if the ratio of missing values is less than 5% of total samples, the 
overall average value of this variable can be used to replace the missing values. If the 
ratio of missing values is more than 5% of total samples, the way of ‘‘hot deck’’ is 
recommended, in which similar samples are classified into a group and the mean 
value of this group is used to substitute the missing data in this group (Chen et al. 
2010). 
Except the missing data, there are 183 samples were used in this research.   
2.3.3 Data processing 
In this research, the descriptive statistical analysis, related analysis and principal 
component analysis method were used to help the questionnaire analysis. 
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Except the missing data, there are 183 samples were used in this research.  In Fig. 
2.3 it is the entry of original data, after this progress, the analysis can be done much 
easier. 	
	
Fig. 2.3 Entry of original data 
2.4 Data analysis 
2.4.1 Family characteristics 
The population of permanent residents in family is mainly 2-4 people, about 82% 
of the total families, beside it, the 1 member family number is 8, about 4.83% of total 
families. 2-member family is 31, about 16.94% of the total families. 5-member family 
is 14, about 7.65% of the total families. 6 or 7-member family is 9, about 4.92% of the 
total families, shown in Fig. 2.4. 
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Fig. 2.4 Resident population distribution of the family surveyed 
	
Fig. 2.5 Income of the family surveyed (Unit:  1000 Yuan) 
Income of the family surveyed was shown in Fig. 2.5. As in China, the income of 
the family less than 40000 Yuan, was called low-income families. The income 
between 40000 Yuan to 200000 Yuan, is called middle-income families. The income 
over 200000 Yuan called high-income families. In this questionnaire, the low-income 
families account for 20.8%, the middle-income families account for 53.6% and the 
high-income families account for 25.7%. 
 
 
 
41	
2.4.2 Residential buildings related characteristics 
Family’s residential floor area for each family are surveyed and shown as follows. 
 
Fig. 2.6 Distribution of the family’s residential floor area surveyed Unit: m2 
Among them, as shown in Fig. 2.6 the residential floor area no more than 50 m2 
account for 5%. The floor area from 50 m2 to 70 m2 is 25%, the floor area from 70 m2 
to 90 m2 is 44%, the floor area from 90 m2 to 110 m2 is 16%, and the floor area over 
110 m2 is 10%. 
For the building types, the floor area less than 70 m2 is mainly multi-story building, 
the most popular floor area is from 70 m2 to 90 m2, mainly high-rise buildings and 
multi-story buildings. For the floor area over 110m2, it is manly the high-rise building 
and the detached house. 
Fig. 2.7 shows the window area of each building type. The multi-story building 
always adopted the smallest window size, the detached house and the high-rise 
building are 1.8 and 2 times of the multi-story building window area. 
42	
 
Fig. 2.7 Average window area for each building type 
 
2.4.3 Construction time of the residential buildings 
Usually, the residential buildings are divided into three types according to the 
height of buildings, detached house (1~3-story), multi-story building (4~6- story), and 
high-rise building (over 6-story).  	
 
Fig. 2.8 Distribution of three building types 
Fig. 2.8 shows the percentage of three building types, and it is almost the current 
situation in the survey area. About 48% of respondents are from the high-rise 
buildings. 42% of respondents from the multi-story building, and only 10% of 
respondents are from the detached house. 
Distribution of the building’s construction time are surveyed and shown in Fig.2.9.  
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Fig. 2.9 Distribution of the building’s construction time surveyed 
 
Fig. 2.10 Construction time of the three building types 
Among them, the residential buildings built during 1970s and 1980s accounts for 
13.1%, and main building type is multi-story building. The residential buildings built 
during 1990s accounts for 15.3%. the residential buildings built during 2000 and 2005 
account for 29.0%. And the residential buildings built after 2005 account for 46.4%. 
Also, the construction speed and the amount can be seen in this figure. For historic 
reasons, the three different building types have many characteristics what different 
from the other two types. Around eighty years ago, most Chinese people lived in the 
detached house as a basic lifestyle rule. But after the 1970s, especially after the 
Chinese economic reform, large population rushed into the urban region from the 
rural area. To meet the housing demands of newcomers, the government began to 
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build amounts of economical apartments in the form of multi-story building because 
of a lower cost. During 1980s and 1990s, the urban government tried to absorb 
migrants from the countryside into city life  and more and more multi-story 
buildings were built, but the living condition was unsatisfactory. As the improvement 
of living standard and the lack of urban landresidents became more willing to 
choose high-rise building as its better conditions, like bigger window size and better 
public services.  
Fig. 2.10 shows the construction year of the investigated buildings. It is found that 
there are few high-rise buildings before the year 1990, the buildings constructed since 
1990s, the multi-story building and high-rise building were dominant, more than 80% 
of the buildings were multi-story buildings and high-rise buildings.  
To summarize, during 1970s1980s and 1990s, the amount of multi-story buildings 
is much more than other two types. After the year 2000, the construction accelerated, 
and most of the buildings are high-rise building. The detached house was the 
mainstream before 1960s, and at that time, China was agricultural society. 
 
2.4.4 Life-style  
1) Cooling system in summer 
As the improvement of people’s living standard, the requirement of the thermal 
comfort is becoming higher and higher. According to the Fig.2.11, the air-conditioner 
is becoming the standard configuration of residential buildings, especially in summer, 
98% of the investigated residential buildings were installing the air-conditioners. Only 
2%, in another word 3 families, of the investigated residential building have not 
installed the air-conditioner. 
Here, the situation should be explained. Even in summer, more than half of the 
residential buildings with air-conditioner, the households also use fan if not so hot. 
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Fig. 2.11 The space heating/cooling appliances 
The use condition of the air-conditioner in summer: 
	
Fig. 2.12 When the family surveyed to start the air-conditioner 
As shown in Fig. 2.12, only 2.7% (5 households) is barely use the air-conditioner, 
except the households without air-conditioner, there are only 2 households don’t use 
air-conditioner because of energy (money) saving. And 25.1% of surveyed families 
use the air-conditioner when slightly hot. 73.8% of families use the air-conditioner 
when is hot or severely hot. 97.3% of the people would like to use air-conditioner 
usually or sometimes. It can be thought most people living in hot-summer and cold-
winter zone see high of the thermal comfort, but at the same time, saving money is 
also regarded as important.  But the usage of air-conditioner is also a reason for the 
increasing of energy consumption. 
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2) Heating system in winter 
In hot-summer and cold-winter zone, it is not like the situation in North China. 
Because in North China, the concentrated heating system is very common.  
Diagrammatic sketches are shown in Figs. 2.13 and 2.14. 
But as the initial and the operating cost is high, also the using time is less than in 
North China, the residential buildings in hot-summer and cold-winter zone are 
unnecessary to install the central heating system. 	
(http://www.52rkl.cn/qingsong/111Q0A942015.html) 
Fig. 2.13 Central heating system in North China 
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(http://3g.ifeng.com/news/sharenews.f?vt=5&aid=103144530&mid=) 
Fig. 2.14 Indoor parts of the central heating system in North China 
	
Fig. 2.15 The way of heating the families surveyed in winter 
For the heating in hot-summer and cold-winter zone, as shown in Fig. 2.15, there is 
4.9% of people don’t use any heating even it is very cold.  There is 65.0% of the 
households use the air-conditioner as the main heating way in winter. Another 30.1% 
using other heating ways, like electricity heater, shown in Fig. 2.16, and gas heater, 
shown in Fig. 2.17. 
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(http://bbs.pchouse.com.cn/topic-558744.html) 	
Fig. 2.16 Electricity heater used in how-summer and cold-winter zone 
 
(http://www.yihaojiaju.com/xuancai/134996.html) 
Fig. 2.17 Gas heater used in how-summer and cold-winter zone 
3) Energy-saving awareness 
The setting of the air-conditioner in summer: 
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According to the survey, as shown in Fig. 2.18, there is 85.2% set the temperature 
of the air-conditioner between 18  and 26 . 6.6   people set the temperature 
lower than 18, a slightly cold situation and not aware of the energy saving. Also, 
8.2 % of the invested households set the temperature between 26 and 28. It 
means maybe these 15 households realized the necessity of energy saving, or their 
thermal requirements are lower than the others. 
 
Fig. 2.18 The setting of the air-conditioner in summer 
Electrical equipment standby mode using habit: 
	
Fig. 2.19 Whether electrical equipment standby or not when they are not used   
In Fig. 2.19, when the electric appliances are not used can show the energy saving 
awareness of the users. During the invested households, 79.2% of the households they 
will keep the electrical appliances standby. It means the awareness of the households 
can be improved if education or lectures could be done. 
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2.4.5 Energy consumption in hot-summer and cold-winter zone 
Table 2.2 shows the energy consumption of per m2 residential building area. In the 
statistical data of the questionnaire, it is can be seen that the smaller of the building 
area, consumes the higher energy consumption of per m2 residential building area 
except the area over 110 m2, because for area over 110 m2, the building type is mainly the 
detached house. 
Table 2. 2  Energy consumption of per unit residential building area 
Building area Energy consumption per m2 
(kWh/(m2*household)) 
 50 m2 37.7 
50-70 m2 28.5 
70-90 m2 24.8 
90-110 m2 23 
110 m2 27.1 
Average  26.4 
Annual energy consumption: 
 
Fig. 2.20 Relationship between building type and energy use 
Fig. 2.20 shows the relationship between building types and energy use.  Among 
the different building types, the multi-story building is the most energy saving type. 
And comparing other two types, both in summer and winter, the energy use of high-
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rise building is a little higher than the situation of detached house. For the building 
types  the highest energy use type is high-rise building  and the multi-story 
building is the most energy saving type. 
Operating time of the air conditioner in summer and winter season: 	
	
Fig. 2.21 Operating time of the air conditioner 	
Fig. 2.21 shows the operating time of the air conditioner in high-rise building is the 
longest, followed by the multi-story building and detached house both in summer and 
winter. Operating time of multi-story building are 12.8% and 9.5% longer than 
detached house in summer and winter, and the high-rise building are 16.2% and 
15.4% longer than detached house in summer and winter. Also, the operating of each 
building type in summer and winter, it is obviously seen that in the three types of 
building, the operating time in summer is 39% longer than in winter in average of all 
three types. 
On the other hand, it is shown in Fig. 2.21, the energy consumption in summer and 
winter are almost the same, we can get it is harder for residents in winter than in 
summer, as the temperature difference between indoor and outdoor. 
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2.4.6 Thermal satisfaction and requirement in hot-summer and cold-winter 
zone 
Thermal satisfaction in hot-summer and cold-winter zone: 	
 
Fig. 2.22 Current thermal satisfaction use in different seasons for each type of situation 
 
Fig. 2.22 lists of the satisfaction degree of the residents to their thermal situation of 
their houses. “Very satisfied” was chosen by nobody, the percentage of above 
“acceptable” for detached house was only about 35%, the other two types are more 
than 80% around 2.3 times of the situation of the detached house. In another word, 
as shown in Figs. 2.9 and 2.10, the high-rise building is the newest building type, 
material building craft and construction technologies are all better than before, so 
the thermal satisfaction of the high-rise building is better than the other two building 
types. Combine with the Fig. 2.20, the energy consumption is also the highest.  
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Fig. 2.23 Human comfort requirement of three building types in summer and winter 
season 	
Thermal requirement in hot-summer and cold-winter zone 
The respondents’ answers about “How can they balance the human comfort and 
energy use” in summer and winter, result is shown in Fig. 4.23. Comparing the three 
building types, more than 80% of the respondents who live in the high-rise buildings 
chose the “most comfortable” in summer and more than 60% of residents chose it in 
winter, followed by the multi-story building and detached house. In other words, the 
residents living in the high-rise building require the highest human comfort among the 
three building types. 
Comparing the situation in summer and winter in Fig. 4.23, all in the three types of 
the buildings, the respondents who chose “most comfortable” in summer is higher 
than in winter. In another word, residents in this area can bear the cold climate easier 
than the hot climate. And also, people living in hot-summer and cold-winter zone can 
bear cold easier than hot. 			
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2.4.7 Children's impact on comfort and energy consumption 
 
	
Fig. 2.24 Relationship between the number of children and the building types 
	
Fig. 2.25 Relationship between energy use and number of children 
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Fig. 2.26 Relationship between operating time of air conditioner and number of children 
As for the number of family members in each building type in Fig. 2.24, the family 
of three people is the main type as the policy of “Family Planning” in China. In Fig. 
2.25 and Fig. 2.26, it is obviously seen as the number of children increases, both the 
operating time of air conditioner and energy use increased in all seasons. The children 
need a higher human comfort situation than the normal adults. 
 
2.5 Chapter summary 
In this research, around 200 households were investigated in three cities in hot-
summer and cold-winter zone. After eliminating invalid samples, there were still 183 
valid samples in total. 
The current energy consumption characteristics in hot-summer and cold-winter 
zone were surveyed and analyzed. The survey shows 82% of the investigated 
households are 2-4 members. 53.6% of family income is between 40-200 thousand. 
44% of the building area is 70-90m2. For the window area, the multi-story building is 
the smallest. The building construction time, after the year 2000, the buildings are 
mainly high-rise building. 
The current energy consumption and the current thermal situation in hot-summer 
and cold-winter zone were surveyed and analyzed. The energy consumption per m2 
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26.4 kWh/(m2*household). In general, the energy consumption of the bigger total 
floor area of household is more energy saving than the smaller floor area household.  
The life-style living in hot-summer and cold-winter zone were also investigated. 
97.3% of the investigators use air conditioner for cooling when it is hot or too hot. But 
only 65.0% of the investigators use air conditioner for heating. Most people see 
higher of thermal comfort comparing to the energy saving. And people living in hot-
summer and cold-winter zone can bear cold easier than hot. 
The thermal performance of the residential buildings in hot-summer and cold-
winter zone should be improved. But for a long time, even in the bad climate 
condition, the heat-insulating property of the residential buildings has no obvious 
promotion. The insulation of external wall is still mainly using the 240mm solid clay 
brick. The window commonly adopted the metal window and the single-glass, and 
there is an increasing tendency for the window-wall ratio. All of these will make the 
heat transfer speed higher. Moreover, the external shading is hardly seen, and the bad 
gas-tightness of the window body, much of the heat can easily go into the building, 
based on this, the passive design is very necessary, such as the orientation, passive 
solar heating in winter, the shading system in summer and so on.  
To sum upfor the three building types cases, the energy consumption in one year 
of the detached house is the largest, and then is the multi-story building, the high-rise 
building is the most energy saving building type. 	
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CHAPTER 3 
CASE STUDY REAL-TIME MEASUREMENT IN THE TYPICAL CASE FOR 
THREE BUILDING TYPES 
 
3.1 Introduction of the experiment 
The measurement of indoor Temperature-Humidity was carry out in three building types 
for one year. The indoor temperature and humidity were recorded by “TR-72Ui 2-Channel 
Temperature and Humidity Recorder” (Fig. 3.1) and “Graphtec America GL220 Data 
Logger” (Fig. 3.2). “TR-72Ui” was used to collect the temperature and humidity of the 
indoor average data, these data were used to analysis the indoor thermal situation. “GL220 
Data Logger” was used to collect the temperature of the different position (wall, floor or 
air). These data were used to analysis and evaluate the heat transfer coefficient. 		
	
Fig. 3. 1  TR-72Ui 2-Channel Temperature and Humidity Recorder 
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Fig. 3. 2  Graphtec America GL220 Data Logger 
To ensure the chosen case representative, the investigated cases built after the year 2000 
were classified. According to the statistics building characteristics, such as the house type, 
floor area, building structure, window area and so on. Three cases are finally selected. The 
layouts are shown as follows: 
Case A: High-rise building nobody living in 
Case B: Multi-story building nobody living in 
Case C: Detached house nobody living in 
 
          A                                             B                                        C    
Fig. 3. 3  Layout of the case A, B, C 
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Among the three cases, cases A and C located in Changzhou city, Jiangsu province, and 
case B located in Shanghai city. Between the two cities, there is a 200km distance, so most 
of time the weather conditions are the same, the sometimes different.  The layout of the 3 
cases are shown in Fig. 3.3 and the basic information is also shown in table 3.1. For the 
different building types, each building type has their own characteristics, as shown in 
chapter 3. For example, the balcony, it is always located outside of the bedroom in high 
rise building, outside of living room in a multi-story building, and on the 2nd and 3rd floor 
in a detached house.  
Table 3. 1  General situations of three cases 
Case Building 
form 
Orientation  Building 
structure 
Floors  Shape 
coefficient  
Story height 
A Slab 
type 
South Shear wall 31 0.32 2.9 
B Slab 
type  
South by 
west 10 
Frame 
structure 
6 0.31 2.8 
C Point-
type  
South by 
east 15° 
Frame 
structure 
3 0.52 3.0 
In Fig. 3.3, the hatch areas are the measurement areas in each case.  The window area 
is different. Both the measurement areas and window areas are shown in table 3.2. 
Table 3. 2  Measurement areas and windows area of three cases 
Building Type High-rise 
Building 
Multi-story 
Building 
Detache
d House 
CASE A B C 
Area(m2) 16.8 15.1 41.2 
Window area(m2) 4 2.25 3.6 
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3.2 Meteorological conditions in the research area 
Outdoor daily dry bulb temperature, relative humidity, and direct solar radiation in a 
year are shown in Figs. 3.4, 3.5 and 3.6. In Fig. 3.4, the black zone is the comfort zone, the 
temperature is in summer and winter is greatly different, too low in winter and too high in 
summer. And in Fig. 3.5, the humidity in the whole year, stay in a high level, around 60% 
to 85%. The energy saving is in a very severe situation both in summer and cold season. In 
Fig. 3.6, the direct solar radiation is not strong compared with hot area, but it can affect the 
indoor thermal situations obviously. 	
 
Fig. 3. 4  The daily dry bulb temperature situation of Shanghai city 	
 
Fig. 3. 5  The daily relative humidity situation of Shanghai city 
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Data sources: Energyplus Weather Data 
Fig. 3. 6  The daily direct solar situations of Shanghai city 
 
3.3 Indoor thermal comfort analysis of the three building types 
Situations of the residences nobody living in can show the actual thermal performance 
and insulation of envelope structure, shown in Figs. 3.7, 3.8, 3.9, 3.10.
 
Fig. 3. 7  The temperature-humidity fluctuation in three building types in spring 
62		
 
Fig. 3. 8  The temperature-humidity fluctuation in three building types in summer 
	
Fig. 3. 9  The temperature-humidity fluctuation in three building types in autumn 
63		
	
Fig. 3. 10  The temperature-humidity fluctuation in three building types in winter 
Figs. 3.7, 3.8, 3.9, 3.10 show the temperature and humidity changes in the three cases 
in the four seasons. In spring and autumn, the temperature is between 12 and 23, and 
the humidity is between 40% and 90%, as temperature is slightly low most of time, so high 
humidity is good for the human comfort. In winter, the temperature is low, but the high 
humidity can lighten the cold situation. However, the temperature is around 30 or 35  
in summer, it is too hot for the human, and the high humidity enhances the hot situation. 
The radiation can affect the indoor thermal conditions of high-rise building easily. Taking 
spring as an example, in this seven-day measurement, there are four days’ temperature rises 
from12:00 to 18:00, even curtains were closed. The temperature of the other three days 
didn’t change obviously as the rain.  
The temperature of three building types are shown in Figs. 3.7, 3.8, 3.9, 3.10. In case A, 
the temperature of high-rise building is the highest, because of the balcony were used to be 
placed outside of the bedroom, the heat gains in the balcony as a green house.  
In the four seasons, the temperature-humidity trend of three building types are very 
consistent, and at the same time, when the temperature is high, the relative humidity is low. 
For the temperature-humidity, the temperature of case A (high-rise building) is slightly 
higher than the other two types.  
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Fig. 3. 11  The PMV situations in four seasons in three building types in spring 
	
Fig. 3. 12  The PMV situations in four seasons in three building types in summer 
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Fig. 3. 13  The PMV situations in four seasons in three building types in autumn 	
 
	
Fig. 3. 14  The PMV situations in four seasons in three building types in winter 	
The PMV situations of three cases A, B, C in four seasons were shown in Figs. 3.11, 
3.12, 3.13, 3.14. Combine with the result in chapter 2, people living in hot-summer and 
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cold-winter zone can bear cold much easier than hot. according the ASHRAE 55-2010, the 
usual PMV value between 1 and -1, most people will feel comfortable. But in hot-summer 
and cold-winter zone, the comfortable value is between 1 and -1.5. 
In spring, Fig. 3.11, the PMV value of the three cases is between -1 and -3, it is still cold 
for a quietly seated people (met=1) wearing a clo=0.75. Among the three cases, the value 
of the high-rise building case A is -1 to -2, it means more than 60% of people will feel 
uncomfortable and need to use the air conditioner. For the multi-story building case B, the 
PMV value between -2 and -2.5, a little bit cold but air conditioner is needed for longer 
time. But for the detached house case C, the PMV value is -2.5 to -3, a cold thermal 
condition and need almost full time of air conditioner usage.  
In summer, Fig. 3.12, as shown above, the high-rise building case A need almost full-
time air conditioner for cooling. The multi-story building case B need more than half of 
the time, and the detached house need the shortest air conditioner time. So, in summer, the 
energy of the high-rise building is the largest and the detached house need air conditioner 
using all day-time, and sometimes in night-time, the multi-story building case C is the least 
energy using building type. 
In autumn, Fig. 3.13, for the high-rise building case A and multi-story building case B, 
most of the time PMV value is 0 to -2, only need a short time air conditioner, but for the 
detached house case C, most of the time PMV value is -2 to -3, very cold, and need long 
air conditioner operating. 
 In winter, Fig. 3.14, the value of the high-rise building case A is -0.5 to -2, need to use 
the air conditioner. For the multi-story building case B, the PMV value between -2 and -3, 
cold and air conditioner is needed for a long time. But for the detached house case C, the 
PMV value is -3 all-time, an extreme cold situation and need almost full time of air 
conditioner use. Based on the above, we can know that for the energy consumption, the 
detached house is the largest, the second is the multi-story building, the high-rise building 
is the least energy using building type in spring. 
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3.4 The heat transfer coefficient of the wall structure and the window 
The temperature of the wall and the window were also recorded by “GL220”. As shown 
in Fig. 3.15.  The temperature of winter and summer was respectively selected to show the 
heat-insulating property of the wall and the window.   		
       
(From the left in order: GL220 data logger, the temperature sensor on the wall surface, the temperature sensor on the window 
glass surface) 
Fig. 3. 15 Photos of the experiment  	
3.4.1 The heat transfer coefficient of the wall structure and the window in summer 
Figs. 3.16, 3.17, 3.18 show the different parts’ temperature change of three building 
types in summer. The case period is from 1st July to 5th July.  As cases A and C located in 
Changzhou, and the case B located in Shanghai, the temperature cannot be compared 
directly, but the temperature difference could. 					
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Fig. 3. 16  The different parts’ temperature change of high-rise building in summer (unit : ) 
	
Fig. 3. 17  The different parts’ temperature change of multi-story building in summer 
(unit : ) 
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 Fig. 3. 18  The different parts’ temperature change of detached house in summer (unit : ) 
 
For the outdoor air temperature and indoor air temperature in summer: 
For all three buildings, as the indoor temperature changes relatively slow, the outdoor 
temperature is higher than the indoor temperature day time as the solar radiation. In the 
night time, the indoor temperature is higher than outdoor temperature. As the outdoor air 
gain heat and temperature rise in the daytime very easily, and in the night time, heat loss is 
also easy and quick. But for the indoor air temperature, much of heat will be cut off when 
they cross the wall or window, oppositely, in the night time, the heat from indoor is also 
difficult to run off. 
The temperature difference at 6:00 in the morning show the thermal performance of the 
building envelope as it is a critical state. There are two reasons: 	1The heat exchange 
during the night time has passed a long time, and already get a balance.	2The solar 
radiation can affect the indoor and outdoor situation. 
Take these 5 days as an example, the temperature difference at 6:00 are shown in table 
3.3. 
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Table 3. 3  Temperature difference at 6:00 for three building types in summer 
Building 
types 
July,1st  July,2nd  July,3rd  July,4th  July,5th   Average 
value 
High-rise 
building  
-2.2 -4.8 -3 -2.5 -3.1 3.12 
Multi-story 
building 
-1.1 0.9 1 1.4 -1.1 1.1 
Detached 
house 
1.2 -1.6 0.2 0.9 0 0.78 
In table 3.3, the value is: ∆θ = θo − θi	
where 
∆θTemperature difference 
θo Outdoor air temperature 
θi  Indoor air temperature 
As a result, in summer, the insulation property of the building envelope, from high to 
low respectively high-rise building, multi-story building and detached house. 
For the outdoor air temperature and window glass temperature in summer: 
Both the temperature change of the outdoor air and the window glass are caused by the 
solar radiation. The glass temperature change shows the solar radiation intensity, but there 
are many factors influent the outdoor air temperature such as: solar radiation, wind, land 
surface cover rate, and topography. Among them, the solar radiation is main factor, but 
indirect influence, because the air is transparent. In summer, the surface of the earth 
temperature rises when accept the solar radiation, and the surface of the earth will send 
long wavelength radiation and heat conduction heat the air near the ground surface, heat 
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transfer to the upper air by air convection.  In winter or night time in summer, as the effect 
of the sky long wave radiation and cooling of the ground surface, the air near the ground 
surface is also cooled. The ground surface is the direct factor of the air temperature. The 
heat transfer is the basic approach to affect the air temperature. 
In the three building types, the temperatures of the window glass rise faster than the 
outdoor air. When the solar radiation intensity is weak, the window glass temperature is 
lower than the outdoor temperature all the time, but when the solar radiation is strong for 
one day, the window glass is higher from morning 7:00 to 12:00. The glass temperature 
rises and cooling rate is higher than the outdoor temperature. 
For the indoor air temperature and window glass temperature in summer:	
The indoor temperature is affected by the outdoor temperature, solar radiation cross 
through the window and the thermal performance of the building envelop. The window 
glass as a part of building envelop, the temperature also affects the indoor temperature by 
heat transfer. The relationship between the indoor temperature and the window glass 
temperature was shown in Figs. 3.16, 3.17, 3.18. In all the three building types, when the 
indoor temperature rises, there are two possible reasons. One is the solar radiation cross 
through the window, the other is the heat transfer from outdoor to indoor through the 
building envelop in the day time.  This will be explained in next chapter by the computer 
aided simulation. 
For the outdoor air temperature and external wall internal surface in summer: 
72		
	
Fig. 3. 19  The temperature difference between the outdoor temperature and the external wall 
surface for three building cases in summer 
The temperature difference between the outdoor temperature and the external wall 
internal surface can show the insulation property of the external wall. The Fig. 3.19 shows 
the temperature difference between the outdoor temperature and the external wall surface 
in summer.  ∆θ = θo − θs	
where 
∆θTemperature difference 
θo Outdoor air temperature 
θs  External wall internal surface 
For most of time in three building types, the temperature difference peak in the noon 
time around 12:00 and the night 24:00, the rising period from 12:00 to 24:00, and the falling 
period from 24:00 to 12:00.  
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As the temperature difference the bigger, the insulation property of the external wall the 
better. In summer, the insulation property of the building external wall, from high to low 
respectively multi-story building, high-rise building and detached house. 
	
Fig. 3. 20  The temperature difference between the indoor temperature and the external wall 
surface for three building cases in summer 
Heat spontaneously flows from a hotter body to a colder body. The thermal conduction 
happens all the time between the indoor air and the external wall. In the three figures above, 
the change trends for the indoor air temperature and the external wall internal surface are 
correspondent. That’s the reason for the wall surface keep in high temperature all the time. 
For the high-rise building, as the external wall in the balcony, and was separated with the 
indoor temperature, the situation cannot be evaluated. But for the other two building types, 
the indoor temperature and the external wall internal surface are almost the same. It means 
the heat transfer between the indoor air and the wall is easy. 
The temperature difference change between the indoor temperature and the external 
wall internal surface can show the thermal mass of the external wall. The Fig. 3.20 shows 
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the temperature difference between the indoor temperature and the external wall surface in 
summer.  ∆θ = θi − θs	
where 
∆θTemperature difference 
θi Indoor air temperature 
θsExternal wall internal surface temperature 
When ∆θ 0 it means the temperature of the external wall is lower than the indoor 
temperature. For multi-story building and high-rise building, most of the measurement 
period, the external wall in lower than the indoor air temperature. It means heat transfers 
from the indoor air to the external wall, and the thermal insulation of  the external wall is 
good because even in the day time ∆θ 0. But for the detached house, the contrary is the 
case. The thermal mass of detached house external wall is greatly big. During the daytime, 
the external wall retains the heat, and release during the nighttime, that’s the reason for the 
temperature difference in daytime is bigger than in the nighttime. From the three figures 
above, the balance always appears at 6:00 in the morning. From the trend of the three 
building types, the thermal mass could be evaluated, respectively detached house, multi-
story building and high-rise building. 
3.4.2 The heat transfer coefficient of the wall structure and the window in winter 
In winter the different parts’ temperature shown in Figs. 3.21, 3.22, 3.23. The case 
period is from 1st December to 5th December.  
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Fig. 3. 21  The different parts’ temperature change of high-rise building in winter (unit : ) 
	
Fig. 3. 22  The different parts’ temperature change of multi-story building in winter (unit : ) 
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Fig. 3. 23  The different parts’ temperature change of detached house in winter (unit : ) 
For all of the three buildings, as the indoor temperature changes relatively slow, the 
outdoor temperature is lower than the indoor temperature except some noon time in some 
days. In the night time, the indoor temperature is higher than outdoor temperature. As the 
outdoor air gain heat and temperature rise in the daytime very easily, and in the night time, 
heat loss is also easy and quick. But for the indoor air temperature, much of heat will be 
cut off when they cross the wall or window, oppositely, in the night time, the heat from 
indoor is also difficult to run off. 
The temperature difference at 6:00 in the morning show the thermal performance of the 
building envelope as it is a critical state. There are two reasons: 	1The heat exchange 
during the night time has passed a long time, and already get a balance.	2The solar 
radiation can affect the indoor and outdoor situation. 
Take these 5 days as an example, the temperature difference at 6:00 are shown in table 
3.4. 	
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Table 3. 4  Temperature difference at 6:00 for three building types in winter 
Building 
types 
Dec,1st  Dec,2nd  Dec,3rd  Dec,4th  Dec,5th   Average 
value 
High-rise 
building  
-11 -11.7 -11.1 -11.9 -9.2 -11 
Multi-story 
building 
-8.5 -8.5 -8.7 -5.8 -6.2 -7.5 
Detached 
house 
-4.2 -5.7 -5.6 -2.8 -5.1 -4.68 
In table 3.4, the value is: ∆θ = θo − θi	
where 
∆θTemperature difference 
θo Outdoor air temperature 
θi  Indoor air temperature 
As a result, in winter, the insulation property of the building envelope, from high to low 
respectively high-rise building, multi-story building and detached house. 
For the outdoor air temperature and window glass temperature in winter: 
The temperature change of the outdoor air and the window glass are mainly caused by 
the solar radiation. The glass temperature change shows the solar radiation intensity, but 
there are many factors influent the outdoor air temperature such as: solar radiation, wind, 
land surface cover rate, and topography. Among them, the solar radiation is main factor, 
but indirect influence, because the air is transparent. In winter, the surface of the earth 
temperature rises when accept the solar radiation, and the surface of the earth will send 
long wavelength radiation and heat conduction heat the air near the ground surface, heat 
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transfer to the upper air by air convection.  In winter and night time in summer, as the effect 
of the sky long wave radiation and cooling of the ground surface, the air near the ground 
surface is also cooled. The ground surface is the direct factor of the air temperature cooling. 
The heat transfer is the basic approach to affect the air temperature. 
In the three building types, the temperatures of the window glass are higher than the 
outdoor temperature all the time.  As in winter, in the daytime, as the solar radiation the 
window glass rises faster than the outdoor air temperature. In the nighttime, the cooling of 
the window glass is also faster than the outdoor air, but at the same time, the heat transfer 
from indoor can keep the window glass in a relatively high temperature compare to the 
outdoor air temperature. 
For the indoor air temperature and window glass temperature in winter:	
	
Fig. 3. 24  The temperature difference between the outdoor temperature and the external wall 
surface for three building cases in winter 
The indoor temperature is affected by the outdoor temperature, solar radiation cross 
through the window and the thermal performance of the building envelop. The window 
glass as a part of building envelop, the temperature also affects the indoor temperature by 
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heat transfer. The relationship between the indoor temperature and the window glass 
temperature was shown in Figs. 3.21, 3.22, 3.23. In all the three building types, there are 
two possible reasons for the indoor temperature rising. One is the solar radiation cross 
through the window, the other is the heat transfer from outdoor to indoor through the 
building envelop in the day time.  This will be explained in next chapter by the computer 
aided simulation.  
The temperature difference between the outdoor temperature and the external wall 
internal surface can show the insulation property of the external wall. The Fig. 3.24 shows 
the temperature difference between the outdoor temperature and the external wall surface 
in winter.  ∆θ = θo − θs	
where 
∆θTemperature difference 
θo Outdoor air temperature 
θs  External wall internal surface 
For most of time in three building types, the temperature difference peak in the noon 
time around 14:00 and the morning 6:00, the rising period from 6:00 to 14:00, and the 
falling period from 14:00 to 6:00.  
As the temperature difference the bigger, the insulation property of the external wall the 
better. In winter, the insulation property of the building external wall, from high to low 
respectively high-rise building, detached house, and multi-story building. 	
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Fig. 3. 25  The temperature difference between the indoor temperature and the external wall 
surface for three building cases in winter  	
Heat spontaneously flows from a hotter body to a colder body. The thermal conduction 
happens all the time between the indoor air and the external wall. In the three figures above, 
the change trends for the indoor air temperature and the external wall internal surface are 
consistent. For the high-rise building, as the external wall in the balcony, and was separated 
with the indoor temperature, the situation cannot be evaluated. But for the other two 
building types, the indoor temperature and the external wall internal surface are almost the 
same. It means the heat transfer efficient between the indoor air and the wall is high in 
winter.  
The temperature difference change between the indoor temperature and the external 
wall internal surface can show the thermal mass of the external wall. The Fig. 3.25 shows 
the temperature difference between the indoor temperature and the external wall surface in 
winter.  ∆θ = θi − θs	
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where 
∆θTemperature difference 
θi Indoor air temperature 
θsExternal wall internal surface 
When ∆θ 0 it means the temperature of the external wall is lower than the indoor 
temperature. For multi-story building and high-rise building, most of the measurement 
period, the external wall in lower than the indoor air temperature. It means heat transfers 
from the indoor air to the external wall, and the thermal insulation of  the external wall is 
good because even in the day time ∆θ 0. But for the detached house, the contrary is the 
case. The thermal mass of detached house external wall is greatly big. During the daytime, 
the external wall retains the heat, and release during the nighttime, that’s the reason for the 
temperature difference in daytime is bigger than in the nighttime. From the three figures 
above, the balance always appears at 12:00 in the noon. From the trend of the three building 
types, the thermal mass could be evaluated, respectively detached house, multi-story 
building and high-rise building. The thermal mass situation is the same with in summer. 
 
3.5 Chapter summary 
Based on the analysis in 3.4, we can get the result as follows: 
(1) For the building envelop overall thermal performance of the three building types, 
from high to low respectively, high-rise building, multi-story building and the 
detached house. 
(2) For the insulation of the external wall for three building types, from high to low 
respectively, multi-story building, high-rise building and detached house. 
(3) For the external wall’s thermal mass of the three building types, from high to low 
respectively, detached house, multi-story building and high-rise building. 
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(4) For the thermal performance of the window, as the limit of the experiment condition, 
accurate comparisons are not allowed, this will be done in the computer aided 
simulation progress. 
(5) The enclosed balcony in hot-summer and cold-winter zone, is good for the thermal 
performance in winter, but enhance the hot situation in summer, should be open in 
summer time.  
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CHAPTER 4   
SIMULATION ANALYSIS ON BUILDING ENERGY-EFFICIENT DESIGN 
IMPACT FACTORS 
 
4.1 Introduction   
Along with the commercialization of the residential housing, the design of the 
residential houses is becoming multifarious and personalized. More and more residential 
buildings cannot  satisfy the requirements of the  Design Standard for Energy 
Efficiency of Residential Building in Hot Summer and Cold Winter Zone JGJ134-
2010. For example, the window of southward wall is too large, lead to the wall-
window ratio severely exceed the limit. Also, some buildings’ shape coefficient became 
too big because some developers think a pleasant looking can help the houses be much 
easier for selling. But it may enhance the energy consumption in both in hot-summer and 
cold-winter season.  
Residential indoor thermal comfort was affected by many factors, and the factors 
resulted the different energy consumption by the usage mode and using time of air 
conditioner. This research can suggest possible ways to improve the design and 
construction method for a new building, and improve the energy efficiency to the existing 
building. It has important meanings to carry out the sustainable residential building with 
high thermal performance and low energy consumption. To consider the thermal comfort 
and the energy saving, both winter and summer should be attached importance to. The 
passive design and the optimization of the external     envelop should be embedded into 
the design and construction process, like shading in summer, natural ventilation in 
transition season and of course, some other passive heating and cooling measurement. 
Such as the orientation of the building, the shading system, the window area and so on. 
Beside these passive design, the envelop related factors and shape coefficient should also 
be considered.  
In this chapter, in order to a better and more rationally evaluating the energy 
consumption of the different building types in hot-summer and cold-winter zone, 
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dynamic simulation was done to help the design optimization. The passive design 
measures, external envelop and other impact factors were simulated and hoping to give a 
theoretical direction to the building designers and constructors. 
 
4.2 The current energy consumption of different building types 
The thermal performance of the building envelope was evaluated in chapter 4. Based 
on the analysis in the last chapter, the current energy consumption simulation was done. 
The simulation software ECOTECT, which is one of the performance analysis tools, was 
used in this research. The description of the three building types were listed in Table 4.3 
in chapter 4.  
The images of three building types were shown in Figs. 4.1, 4.2 and 4.3.  	
 
Fig.4. 1  Thermal calculating model of the high-rise building 
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Fig.4. 2  Thermal calculating model of the multi-story building 
 
Fig.4. 3  Thermal calculating model of detached house 
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The layouts of all three building types were set as in Fig.4.4. 	
		
Fig.4. 4  Standard model layout  
In order to ensure the accuracy of the simulation, standard model test cases were built 
(in Fig 4.4). As shown in chapter 4, the average floor area of the residential buildings was 
91.0 m2, and the average of family composition was three members, mainly two adults 
and one child. The standard model was built. The floor area was 90.12m2, with two 
bedrooms and one living room, shown in Table 4.1, the window areas were different 
according to the questionnaire, as the situation for window area was too complex, it was 
defined as the same value in the three types. And the boundary conditions were mainly 
based on the questionnaire and the experiment.  
Table 4. 1  The standard model condition  
Building type	 High-rise building	 Multi-story building	 Detached house	 Average		
Average area 95 m2 78.5 m2 132 m2 91.0 m2 
Family members	 3.12 2.85 3.4 3.21 
Window area  10.5 m2 10.5 m2 10.5 m2 10.5 m2 
Glass type Single glass Single glass Single glass  
Floor number 31 6 3  
Story height 3 3 3  
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The boundary setting of the simulation for the current energy consumption were set as 
follows in Tables 4.2, 4.3, 4.4, 4.5, 4.6:  
For most of the window is the single plastic window, the heat transfer coefficient of 
the window is defined as the reference value 4.7 W/(m2*K). 
Table 4. 2  Thermal parameters of external wall  
Walls  Heat transfer coefficient K(W/(m2•K) Heat inertia index D 
High-rise building 0.85 2.42 
Multi-story building 1.04 3.68 
Detached house 0.98 4.63 
Table 4. 3  Thermal parameters of roof and floor 
Roof Heat transfer coefficient K(W/(m2•K) Heat inertia index D 
High-rise building 0.91 4.09 
Multi-story building 0.99 4.78 
Detached house 1.38 4.63 
Table 4. 4  Heating and cooling period of current energy consumption situation 
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Heating Period Natural Ventilation Cooling Period Natural Ventilation Heating Period 
     
Table 4. 5  Air conditioner usage time of current energy consumption situation 
 Summer Winter 
Weekdays Weekends Weekdays Weekends 
Living Room 18:00-22:00 14:00-22:00 7:00-8:00 
18:00-21:00 
7:00-8:00 
18:00-21:00 
Bedroom(adult) 22:00-23:00 22:00-23:00 21:00-22:00 21:00-22:00 
Bedroom(child) 21:00-22:00 21:00-22:00 20:00-21:00 20:00-21:00 
Hours 6 10 6 6 	
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Table 4. 6  Other boundary conditions for the current energy consumption situation 
Environmental temperature range for 
comfort 
Winter: 18 
Summer: 26 
Air conditioning efficiency 95% 
Meteorological data Shanghai 
Orientation  South  	
Based on the boundary conditions above, the energy consumption dynamic simulation 
was done and the results were shown in Table 5.7.  	
Table 4. 7  Current energy consumption per m2 in heating/cooling in the three building types 
                                          Unit: kWh                     
 
Heating Cooling Total 
High-rise building  31.27 9.85 41.12 
Multi-story building 32.98 11.39 44.37 
Detached house 40.63 11.04 51.67 
Compare to the situation in the questionnaire in table 4.2, the simulation result is the 
same as the questionnaire result, the model could be credible and could be used for 
further analysis of the energy consumption. 
 
4.3 Numerical Simulation 
As the test case done in the 5.2 was based on the current thermal requirement, 
sometimes, even the PMV value is slightly high or low, the air conditioner was assumed 
not in operation. However, as the living standard and thermal requirement improvement, 
the raising of thermal comfort is a certainty. In this research, forward-looking should be 
much needed. And the model and the model energy consumption were respectively 
defined as the standard model and standard energy consumption. 
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4.3.1 Boundary setting 
The boundary conditions, such thermal parameters of external wall, roof, floor and 
some other setting (shown in Table 4.2, Table 4.3 and Table 4.6) were the same with the 
situation in test case. The heating and cooling period and the usage time of air conditioner 
times were extended as the thermal comfort consideration, shown in Tables 4.8 and 4.9. 
Table 4. 8  Heating and cooling period of standard energy consumption 
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Heating Period Natural  
Ventilation 
Cooling Period Natural 
Ventilation 
Heating Period 
     		
Table 4. 9  Air conditioner usage time of the standard energy consumption 
 Summer Winter 
Weekdays Weekends Weekdays Weekends 
Living Room 18:00-22:00 12:00-22:00 7:00-8:00 
18:00-21:00 
8:00-10:00 
16:00-21:00 
Bedroom(adult) 22:00-24:00 22:00-24:00 21:00-22:00 21:00-22:00 
Bedroom(child) 21:00-24:00 21:00-24:00 20:00-22:00 20:00-22:00 
Total Hours 8 15 7 10 
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Fig.4. 5  Monthly Energy consumption PER m2 in heating/cooling in the three building types 
Table 4. 10  Energy consumption per m2 in heating/cooling in the three building types 
                                          Unit: kWh                       
 
Heating Cooling Total 
High-rise building  41.55 12.41 53.96 
Multi-story building 43.88 14.15 58.03 
Detached house 53.99 13.57 67.56 
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In this standard simulation model, the result should in Fig. 4.5 and Table 4.10. In Fig. 
4.5, monthly energy consumption per m2 in heating/cooling in the three building types is 
shown. It is easily seen the heating load in winter much higher than the cooling load in 
summer as the temperature difference between the indoor and outdoor.  	
4.3.2 Factors impact on the energy consumption 
4.3.2.1 Orientation impact on the energy consumption 
 Orientation is the positioning of a building in relation to seasonal variations in the 
sun’s path as well as prevailing wind patterns. Good orientation can increase the energy 
efficiency of your home, making it more comfortable to live in and cheaper to run. 
In order to better analysis of the orientation effect to the energy consumption, another 
6 cases orientated differently were simulated for each building typeas shown in Table 
4.11 . 		
Table 4. 11  Seven cases for the orientation impact on the energy consumption 
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 
S SW 15° SW 30° SW 45° SE 15° SE 30° SE 45° 								
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Table 4. 12  Dynamic simulated energy consumption for different orientation for three 
building types                                                                                                         Unit: kWh/m2      
  SW  45 SW  30 SW  15 S SE  15 SE  30 SE  45 
High-rise 
building 
Heating 
Load 
42 41.67 41.58 41.55 40.23 40.99 42.09 
Cooling 
Load 
14.36 13.64 12.66 12.41 12.43 12.49 12.79 
Total 
Thermal 
Load 
56.36 55.31 54.24 53.96 52.66 53.48 54.88 
Multi-story 
building 
Heating 
Load 
45.06 44.18 44.03 43.88 43.52 44.33 45.67 
Cooling 
Load 
16.45 15.41 14.77 14.15 13.92 14.15 14.84 
Total 
Thermal 
Load 
61.51 59.59 58.80 58.03 56.99 58.48 60.51 
Detached 
house 
Heating 
Load 
54.96 54.58 54.09 53.99 53.8 54.02 54.32 
Cooling 
Load 
14.25 13.96 13.67 13.57 13.45 13.56 13.85 
Total 
Thermal 
Load 
69.21 68.54 67.76 67.56 67.25 67.58 68.17 
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Fig.4. 6  Orientation impact on the energy consumption for different building types 
 
It was shown in Table 4.12 and Fig 4.6, during the seven cases for three building types, 
best orientation in Shanghai was SE (southeast) 15 , the worst orientation was 
southwest 45. For the energy consumption difference were also listed in Table 5.13. 
	
Table 4. 13  Energy consumption difference between south and southeast 15 
Unit: kWh/m2      
 South Southeast 15° Energy saving 
High-rise building  53.96 52.66 -1.3 
Multi-story building 58.03 56.99 -1.04 
Detached house 67.56 67.25 -0.31 
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4.3.2.2 Shading system impact on the energy consumption 
As shown in Fig. 4.7, short wave radiation can easily pass through the glass, and re-
radiated long wave radiation is trapped inside and causes indoor temperature raising. By 
shading a building and its outdoor spaces we can reduce summer indoor temperatures, 
improve comfort and save energy.  
  
Data source: Caitlin McGee, revised by the author.   
Fig.4. 7  Image of radiation affect the indoor thermal conditions 
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Data source: Chris Reardon, revised by the author.   
Fig.4. 8  Solar radiation on vertical surfaces 
Utilizing the different solar elevation angle in summer and winter, the relationship 
between H, window height and shading length D is very important, as shown in Fig.4.8. 
Shading is including the external shading and internal shading, in this study, the external 
shading is considered. Three situations of the external shading, actually fixed external 
shading, was respectively simulated, the setting as in Table 4.14. In the model, the 
window area was defined as 10.5m2, calculated as the two bedroom 
(1.5m*1.5m*=2.25m2), living room (2m*2.5m=5m2), two small windows 
(1m*0.5m=0.5m2). 
Table 4. 14  Shading types for different building types 
 High-rise building Multi-story building Detached house 
Shading 0 cm 0 cm 0 cm 
60 cm 60 cm 60 cm 
120 cm 120 cm 120 cm 
Table 4.15 and Fig. 4.9 showed the dynamic simulated result of energy consumption 
for different shading types for three building types. Shading in high-rise building and 
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multi-story building was effective, but in detached house it was invalid, as the increasing 
heating energy consumption was higher than that saved in summer cooling.    
Table 4. 15  Dynamic simulated energy consumption for different orientation for three 
building types 
Unit: kWh/m2         
  0 cm 60cm 120cm 
High-rise building Heating Load 41.55  41.95  43.20  
Cooling Load 12.41  11.63  10.41  
Total Thermal Load 53.96  53.58  53.61  
Multi-story building Heating Load 43.88  44.38  44.79  
Cooling	Load 14.15 13.23 12.38 
Total Thermal Load 58.03  57.61  57.17  
Detached house Heating Load 53.99  54.84  55.62  
Cooling Load 13.57  13.09  12.68  
Total Thermal Load 67.56  67.93  68.30  		
	
Fig.4. 9  Shading types impact on the energy consumption for different building types 
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Table 4. 16  Energy consumption reduction by shading types 
Unit: kWh/m2      
 0 cm 60cm 120cm Energy saving 
High-rise building  53.96  53.58  53.32 -0.64 
Multi-story building 58.03  57.61  57.17  -0.42 
Detached house 67.56  67.93  68.30   
 
As the fixed external shading affects not only the cooling load in summer, it can also 
increase the heating load in winter. However, if the awning type (shown in Fig. 4.10) can 
be used, it can reduce the cooling load in summer, and the heating load in winter will not 
be affected.  
Assuming the awning shading type used in the three building types, the energy 
consumption will be changed, as shown in Table 4.17. The heating loads in winter kept 
the same, and the cooling loads were reduced. It is more efficient for energy saving of all 
three building types. And the energy saving is shown in Table 4.18. 
	
Data source: Caitlin McGee, revised by the author.   
Fig.4. 10  Image of awning shading type 
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Table 4. 17  Dynamic simulated energy consumption for different orientation for three 
building types 
Unit: kWh/m2         
  0 cm 60cm 120cm 
High-rise building Heating Load 41.55  41.55  41.55  
Cooling Load 12.41  11.63  10.12  
Total Thermal Load 53.96  53.18  51.67  
Multi-story building Heating Load 43.88  43.88  43.88  
Cooling	Load 14.15  13.23  12.38  
Total Thermal Load 58.03  57.11  56.26  
Detached house Heating Load 53.99  53.99  53.99  
Cooling Load 13.57  13.09  12.68  
Total Thermal Load 67.56  67.08  66.67  	
 
Table 4. 18  Energy consumption reduction by shading types 
Unit: kWh/m2      
 0 cm 60cm 120cm Energy saving 
High-rise building  53.96  53.18  51.67  -2.29 
Multi-story building 58.03  57.11  56.26  -1.77 
Detached house 67.56  67.08  66.67  -0.89 	
In addition to providing shade for detached house, deciduous plants allow winter sun 
through their bare branches and exclude summer sun with their leaves, as shown in 
Fig.4.11. Moreover, plants can assist cooling by transpiration and enhance the visual 
environment and create pleasant filtered light.  				
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Fig.4. 11  Image of plants shading for detached house 	
4.3.2.3 Glass type impact on the energy consumption 
Nowadays, almost in all the residential buildings, the single plastic window is used. 
However, the thermal performance of single glass is not good, and heat in the form of 
short wave radiation can pass through the window very easily. It greatly enhances the 
heating and cooling loads both in summer and winter.  
In this study, the single glass type and the pair glass type were simulated, and the 
results were shown as follows. 			
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Table 4. 19  Glass impact on the energy consumption for different building types 
Unit: kWh/m2         
  Single Glass Pair Glass 
High-rise building Heating Load 41.55  38.24 
Cooling Load 12.41  13.15 
Total Thermal Load 53.96  51.39 
Multi-story building Heating Load 43.88  42.16 
Cooling	Load 14.15  14.82 
Total Thermal Load 58.03  56.98 
Detached house Heating Load 53.99  51.15 
Cooling Load 13.57  13.98 
Total Thermal Load 67.56  65.13 
 
 
 
 
Fig.4. 12  Glass impact on the energy consumption for different building types 
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Table 4. 20  Energy consumption reduction by glass types 
Unit: kWh/m2                     
 Single Glass Pair Glass Energy saving 
High-rise building  53.96  51.39 -2.57  
Multi-story building 58.03  56.98  -1.05  
Detached house 67.56  65.13  -2.43  	
The results were shown in Tables 4.19, 4.20 and Fig. 4.12, in Shanghai city, the 
thermal performance of pair glass was much better than the situation of the single glass. 
For high-rise building, using pair glass, total energy saving is 2.57 kWh/m2, the heating 
load was 3.31 kWh/m2 reduced, however, the cooling load was 0.74 kWh/m2 increased. 
For multi-story building, using pair glass, total energy saving is 1.05 kWh/m2, the heating 
load was 1.72 kWh/m2 reduced, however, the cooling load was 0.67 kWh/m2 increased. 
For detached house, using pair glass, total energy saving is 2.43 kWh/m2, the heating load 
was 2.84 kWh/m2 reduced, however, the cooling load was 0.41 kWh/m2 increased. In the 
three building types, the energy consumption reduction of high-rise building is the most, 
and the energy consumption reduction of multi-story building was the least. 
4.3.2.4 Insulation layer of external wall impact on the energy consumption  
The external wall is the most contacted part of the envelop with the outdoor 
environment. The thermal performance of external wall greatly affects the residential 
energy consumption. In current China, the detached house and the multi-story building 
usual adopt the brick-concrete structure or the frame structure, main concentration of heat 
bridge is on the beams, columns and some other parts, the area is small compare to the 
high-rise building. In high-rise building, shear wall structure is usually adopted. The heat 
bridge made by the reinforced concrete walls account for the vast majority of the total 
wall area, sometimes, more than 95%, it caused that the area of the good thermal 
performance fill wall area is small. Therefore, the related residential building design 
standard, such as “the civil building energy-saving design standard”, clearly established 
that the heat transfer coefficient of building external wall must be the average value, and 
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the average heat transfer coefficient have to be calculated by the method of area weighted 
averaging.  
In nowadays China, the insulation method of most of the residential building is 
external insulation.  However, the thickness of the external wall insulation layer is only 
20mm, that is one of the most important reason for the heating load is too high. 
For further study of improving the thermal performance of external walls, the different 
thicknesses of the insulation layers were analyzed, the thicknesses were shown in Table 
4.21. 
Table 4. 21  Insulation of external wall impact on the energy consumption for different 
building types 
  Unit: kWh/m2                    
 Case 1 Case 2 Case 3 
High-rise building  20 mm 40mm 60mm 
Multi-story building 20 mm 40mm 60mm 
Detached house 20 mm 40mm 60mm 	
Table 4. 22  Thickness of insulation layer impact on the energy consumption for different 
building types 
Unit: kWh/m2         
  20 mm 40mm 60mm 
High-rise building Heating Load 41.55  37.42 36.15  
Cooling Load 12.41  13.32 13.98 
Total Thermal Load 53.96  50.74 50.13 
Multi-story building Heating Load 43.88  41.21 40.15 
Cooling	Load 14.15  15.23  15.78  
Total Thermal Load 58.03  56.44 55.93 
Detached house Heating Load 53.99  49.55 47.43 
Cooling Load 13.57  14.94 15.65 
Total Thermal Load 67.56  64.49 63.08 
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Table 4. 23  Energy consumption reduction by thickness of insulation layer  
Unit: kWh/m2      
 20 mm 40mm 60mm Energy saving 
High-rise building  53.96  50.74 50.13 -3.83 
Multi-story building 58.03  56.44 55.93 -2.10 
Detached house 67.56  64.49 63.08 -4.48 
The thickness of the external wall insulation layer can affect the energy consumption 
to varying degrees. For the thickness of the external wall insulation layer 40mm and 
60mm, the energy consumption changed not so much. But for energy saving of the 
detached house, 60mm is much better than 40mm. 
4.3.2.5 Window-wall ratio (WWR) impact on the energy consumption 
For the window-wall ratio, as in current situation, take the bedroom in the south 
direction as the case, shown in Fig. 4.13, the air conditioner operating time is only this 
room, not for all the house. 
	
Fig.4. 13  WWR impact on the energy consumption for different building types 
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The width of the room is 4m, the story height is 3m, the window width and height are 
1.5m*1.5m, the window-wall ratio can be calculated: 
X = SWI/SWA 
Whereby 
X: window-wall ratio 
SWI: window area  
SWA: wall area  
In the model situation, the window-wall ratio is 0.19. 
In this research, the wall area was kept the same, and the width of the window was 
changed into 1m and 2m. 	
Table4. 24  Window-wall ratio in three building types 
Width of the window 1m 1.5m 2m 
High-rise building 	 0.13	 0.19	 0.25	
Multi-story building	 0.13	 0.19	 0.25	
Detached house	 0.13	 0.19	 0.25	
 
The result was shown in Fig. 4.14 and Table 4.25. It shows that for the three building 
types, the WWR value is the smaller the better for energy saving. When in the design 
process, the WWR should be decided by combination with other affected factors, such as 
aesthetic factors. 
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Fig.4. 14  The thermal load for different width of window in three building types 
 
Table 4. 25  WWR impact on the energy consumption for different building types 
Unit: kWh/m2         
  1m 1.5m 2m 
High-rise building Heating Load 36.51 37.34 41.11 
Cooling Load 11.42 12.13 12.62 
Total Thermal Load 47.93  49.47 53.73 
Multi-story building Heating Load 38.81 40.24  42.83  
Cooling	Load 13.45  14.01 14.85  
Total Thermal Load 52.26 54.25 57.68 
Detached house Heating Load 46.23 49.66 52.46 
Cooling Load 12.01 12.34 13.01 
Total Thermal Load 58.24 62.00 65.47 	
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4.4 Chapter summary 
The energy consumption of the residential buildings was affected by many thermal 
factors. In this chapter, ECOTECT software was used to calculate the energy 
consumption in different situations for three building types based on the meteorological 
parameter in Shanghai.  
The energy consumption analysis shows that the orientation, shading, glass type, 
thermal performance of the external wall and WWR affect the energy consumption of the 
three building types to varying degrees, shown as follows: 
1) The best orientation for three building types in Shanghai is SE 15°, but the 
recommended ranges of three building types show some differences. The recommended 
range for high-rise building, multi-story building and detached house are SW15to SE 
30,SW15to SE 30 and SW30 to SE 30.  
2) The fixed shading for three building types are not recommended. Because, it can 
reduce the cooling load in summer, but increase the heating load in winter. But high-rise 
building and multi-story building are recommended to use awning shading type. And the 
detached house is recommended to use plants shading. 
3) The thermal performance of envelop can reduce the energy consumption. The 
insulation of the pair glass is better than the single glass for all the three building types.  
4) The thickness of the external wall insulation layer can affect the energy consumption 
to varying degrees. For the thickness of the external wall insulation layer 40mm and 
60mm, the energy consumption changed not so much. But for energy saving of the 
detached house, 60mm is much better than 40mm. 
5) For the three building types, the WWR value is the smaller the better for energy 
saving. When in the design process, the WWR should be decided by combination with 
other affected factors, such as aesthetic factors. 
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CHAPTER 5 
CONCLUSION AND RECOMMENDATION 
 
5.1 Conclusion 
In the foreseeable future, the construction of the residential buildings will be 
continuously going on. To explore how to carry out the strategies of energy conservation 
and environment protection and improve the thermal comfort of residential buildings and 
the energy efficiency of envelope designs in hot summer and cold winter zone, Ministry 
of Construction of China approved the first energy code: Design standard for energy 
efficiency of residential buildings in hot summer and cold winter zones. 
The total target of the study is to build a design method for three residential building 
types. In order to reasonably evaluate and optimize the residential energy consumption 
for three building types in hot-summer and cold-winter zone, the questionnaire, 
experiment and the simulation were done, thereby it can provide some advices to the 
future residential design and construction. 
After analyzing the results of the questionnaire investigated in Shanghai, Changzhou 
and Hangzhou in hot-summer and cold-winter zone, the residential building 
characteristics, the energy using situation, people’s lifestyle and the requirement were 
comprehended. 
1) The current energy consumption characteristics in hot-summer and cold-winter 
zone were surveyed and analyzed. The survey shows 82% of the investigated households 
are 2-4 members. 53.6% of family income is between 40-200 thousand. 44% of the 
building area is 70-90m2. For the window area, the multi-story building is the smallest. 
The building construction time, after the year 2000, the buildings are mainly high-rise 
building. 
2) The current energy consumption and the current thermal situation in hot-summer 
and cold-winter zone were surveyed and analyzed. The energy consumption per m2 26.4 
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kWh/(m2*household).  
3) The life-style living in hot-summer and cold-winter zone were also investigated. 
97.3% of the investigators use air conditioner for cooling when it is hot or too hot. But 
only 65.0% of the investigators use air conditioner for heating. Most people see higher of 
thermal comfort comparing to the energy saving. And people living in hot-summer and 
cold-winter zone can bear cold easier than hot. 
4) The thermal performance of the residential buildings in hot-summer and cold-
winter zone should be improved. But for a long time, even in the bad climate condition, 
the heat-insulating property of the residential buildings has no obvious promotion. The 
insulation of external wall is still mainly using the 240mm solid clay brick. The window 
commonly adopted the metal window and the single-glass, and there is an increasing 
tendency for the window-wall ratio. All of these will make the heat transfer speed higher. 
Moreover, the external shading is hardly seen, and the bad gas-tightness of the window 
body, much of the heat can easily go into the building, based on this, the passive design is 
very necessary, such as the orientation, passive solar heating in winter, the shading 
system in summer and so on.  
Based on the questionnaire results, the typical cases were selected to actual 
measurement to analyze the real-time situation of the indoor thermal situations and the 
thermal performance of the three building types.  
1) For the building envelop overall thermal performance of the three building 
types, from high to low respectively, high-rise building, multi-story building 
and the detached house. 
2) For the insulation of the external wall for three building types, from high to low 
respectively, multi-story building, high-rise building and detached house. 
3) For the external wall’s thermal mass of the three building types, from high to 
low respectively, detached house, multi-story building and high-rise building. 
4) For the thermal performance of the window, as the limit of the experiment 
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condition, accurate comparisons are not allowed, this will be done in the computer aided 
simulation progress. 
After the questionnaire and the actual experiment, ECOTECT software was used to 
calculate the energy consumption in different situations for three building types based on 
the meteorological parameter in Shanghai. The model cases were built and the dynamic 
analysis to the optimization design was put forward, and the design method was 
suggested.  
The energy consumption analysis shows that the orientation, shading, glass type, 
thermal performance of the external wall and WWR affect the energy consumption of the 
three building types to varying degrees, shown as follows 
1) The best orientation for three building types in Shanghai is SE 15°, but the 
recommended ranges of three building types show some differences. The recommended 
range for high-rise building, multi-story building and detached house are SW15to SE 
30,SW15to SE 30 and SW30 to SE 30.  
2) The fixed shading for three building types are not recommended. Because, it can 
reduce the cooling load in summer, but increase the heating load in winter. But high-rise 
building and multi-story building are recommended to use awning shading type. And the 
detached house is recommended to use plants shading. 
3) The thermal performance of envelop can reduce the energy consumption. The 
insulation of the pair glass is better than the single glass for all the three building types.  
4) The thickness of the external wall insulation layer can affect the energy 
consumption to varying degrees. For the thickness of the external wall insulation layer 
40mm and 60mm, the energy consumption changed not so much. But for energy saving 
of the detached house, 60mm is much better than 40mm. 
5) For the three building types, the WWR value is the smaller the better for energy 
saving. When in the design process, the WWR should be decided by combination with 
other affected factors, such as aesthetic factors. 
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5.2 Recommendation 
Since the energy saving in residential buildings is becoming more and more 
important, the research is significant to the designers and constructors. The study 
analyzes the thermal situation through the field measurement the real-time data is used, 
the simulation based on this, the authenticity and confidence is much higher. 
 
5.3 Limitation and future study 
Although the original objective of developing the design method for high-rise 
building, multi-story building and detached house in hot-summer and cold-winter zone, it 
is expected that the method can be applied more extensively after its limitations are to be 
recovered as follows: 
1) Due to the limitation of the study time, the information about the local people’s 
life-style and electricity consumption were collected in short-term period. More detail 
information of the buildings and life-style change should be also considered. 
2) As lack of experience, during the experiment the external surface temperature of 
external wall was not measured, and caused some troubles during the data analysis. 
3) In the design method, there should be more factors excavated. However, as the 
limitation of knowledge reserves and the limited time, some problems were not solved as 
well as expected. 
4) Additionally, some results of the study are limited due to the lack of a 
comprehensive Chinese database on the residential buildings and the meteorological data. 
It is expected that a Chinese database will be soon available to promote the energy saving 
in all sectors of China. 
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